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| BLISTERING PHENOMENA IN THE ENAMELING OF 
_. CAST. IRON 


By A. I. Krynitsky and W. N. Harrison 


ABSTRACT 


gee In the application of vitreous enamel to cast iron, ‘‘blisters’’?’ may form in the 
meenamel. The Bureau of Standards, in response to a request from the American 
a Ceramic Society, undertook a study of this phenomenon and obtained data from 
swhich the following conclusions were drawn. 

t Physical defects in the castings, especially ‘“‘sponginess,’”’ will cause blisters, as 
mwill also faulty composition or application of enamels. There are, however, dif- 
Rome ferences in the tendencies of different sound castings to give blisters when enam- 
mameeeeled under identical conditions. ‘The gases forming these blisters are CO and 
Be CO>. ; 

A gray iron casting acquires in freezing and cooling a very thin surface skin, or 
@ ‘‘microchill,’”’ of varying thickness and hardness. The data indicate that removal 
@of this skin from sound castings eliminates blistering. During the enameling 
im process the combined carbon of this skin tends to break down to a nascent, readily 
% oxidizable form of carbon, which evolves CO and CO:. There are probably two 
® kinds of nonblistering iron, one in which little combined carbon is present at the 
m surface, and another in which it is stabilized. Some irons are more prone to give 
m the ‘‘microchilled’”’ layer than others. During the early stages of enameling 
both blistering and nonblistering irons evolve gas, which is attributed to quick 
oxidation of submicroscopic graphite and which escapes before the enamel has 
fused to a retentive condition. Addition of graphitizing agents, such as silicon, 
may be beneficial, but it is harder to prevent the formation of the microchill than 
the ordinary, or macrochill. Removal of the surface layer by deep sandblasting 
m or ‘‘burning out’’ appears to be the most practical remedy for blistering of sound 
castings. 
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I. INTRODUCTION 


1. GENERAL DISCUSSION 
(a) BLISTERING A TROUBLE IN ENAMELING 


In the application of vitreous enamel to cast iron, as in the manu- 
facture of household ranges, bathtubs, etc., ‘blisters’? may form in 
the enamel. Blistered enamel ware is rough, unsightly, and often 
unserviceable. 

The research committee of the enamel division of the American 
Ceramic Society brought the problem of blisters to the attention of 
the Bureau of Standards in 1924. It was stated that some cast 
irons were more prone to this defect than others and the problem 
was, therefore, studied from both the metallurgical and the ceramic 


points of view. 
(b) ENAMELING PROCESSES 


The enameling process may be carried out in several ways, depend- 
ing on the type of enamel used. In the so-called dry process a 
suspension of enamel is sprayed or painted on a cold casting and 
dried, after which the coated casting is heated until this first or 
“ground”? coat is matured. A dry second or ‘‘cover”’ coat is then 
sifted onto the hot ground coat and the piece at once reheated to 
mature the cover coat. 
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The wet process is similar to the dry process in the application of 
a ground coat, but the piece is then cooled and the cover coat applied 
in the same way as the ground coat. This is the process with which 
the present investigation is primarily concerned, because it is believed 
to furnish a better criterion of blistering tendencies than the dry 
process. In the two-coat processes the ground coat is more infusible 
than the cover coat and in firing a higher temperature is used. 

In the so-called ‘‘single-coat’’ (wet) process the same enamel is 
used in the first coat as in any subsequent coat or coats, but the first 
coat receives a somewhat more severe firing treatment. Such single- 
coat enamels are usually more fusible than the two-coat wet-process 
enamels, often being high in lead oxide in order to produce this fusi- 
bility. The firing is done at much lower temperatures than in the 


other processes. 
(c) BLISTERS AND GAS EVOLUTION 


It is obvious that blisters are caused by gas entrapped in the enamel. 
Craters are evidence of the previous presence of blisters, the enamel 
not closing completely after the escape of the gas. Slight ‘“‘dimples”’ 
will result when the enamel closes, but does not become quite level; 
if the enamel does become level obviously no harm is done through 
the previous existence of the bubble. Hence, it is not gas evolution 
in itself that is to be feared, but gas evolution at the wrong time. 
The more fluid and fusible the enamel the less likely it is to entrap 
bubbles or to leave a crater after a bubble breaks. 


(d) VARIATIONS IN USUAL ENAMELING PRACTICE THAT AFFECT BLISTERING 


The firing is a rather delicately balanced operation which is affected 
by changes in the rate at which heat is taken up by the load (as with 
loads of different weight or different weight-area ratio) or in the rate 
at which heat is supplied to the furnace. By manipulation of operat- 
ing conditions, experienced operators can often successfully enamel 
irons which show some tendency to blister. 

Whatever the source of the gas responsible for blisters in enamel 
coats, if it is evolved before the enamel starts to fuse, it is not retained 
in the enamel. If it is evolved while the enamel is semifluid and 
very viscous (under fired), it may be retained. If evolved when the 
enamel is fluid, it may do no harm unless it is evolved so slowly that 
it is not released before the enameled article is removed from the fur- 
nace. It is quite possible that a ‘‘nonblistering” iron might give off 
more gas, but give it off more readily and more nearly at one temper- 
ature, than a “blistering”’ iron. 


2. IDEAS ON BLISTERING EXPRESSED BY ENAMELERS 


Various facts or opinions in regard to the occurrence of and causes 
for blisters have been expressed by enamelers though not all of the 
comments were available at the beginning of the work. These are as 
follows: 

Northern pig iron is said to produce castings which show a greater 
tendency to the blistering phenomenon than castings from southern 
pig iron, even though the castings may have closely similar chemical 
composition. Not all northern irons give trouble from blisters, and 
Malinovsky (1)! cites a case of blistering of southern iron. The 


1 The figures given in parentheses here and throughout the text relate to the reference numbers in the 
selected bibliography given at the end of this paper, 
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outstanding difference between northern and southern pig irons as 
classes is the higher phosphorus content and consequent greater 
fluidity of the southern iron. 

Remelting of northern pig, or the admixture of 30 to 50 per cent of 
southern pig iron, scrap, or remelted northern pig iron with 50 to 70 
per cent of virgin northern pig iron is said to reduce the tendency 
toward blistering. This allegation has not been definitely proved. 

A British visitor stated that similar troubles met in British practice 
were avoided by ceasing to use pig iron from certain blast furnaces. 
Another British comment (2) elaborates this by stating that pig iron 
from slow-driven blast furnaces is considered to give fewer enameling 
defects, including blisters, than that from rapidly driven furnaces. 

Pig iron with high manganese content is said to cause blisters. 
Excessively high sulphur content is also asserted to cause blisters 
and pinholes (2). 

White iron castings for malleableizing are said to cause blisters 
unless properly ‘‘annealed.” Gray cast-iron plates chilled on one 
side only are said to show a greater tendency to blistering on the chilled 
side. On the other hand, Staley (3, p. 140) states that it was once 
believed that white iron was the only kind suitable for enameling and 
cites Vogel as advocating a white chilled layer on gray iron for 
enameling purposes. Staley states that low-silicon iron, low in graph- 
ite, gives less trouble from blisters than does high-silicon iron and 
ascribes the effect of graphite to its reaction with metallic oxides of 
the enamel with the formation of carbon monoxide or dioxide gas. 
He states that the higher the phosphorus content of the iron the lower 
the silicon can be; hence, indirectly, high phosphorus tends to prevent 
blisters. Malinovsky (1), on the other hand, alleges that low com- 
bined carbon—that is, high graphitic carbon—favors freedom from 
blisters and high combined carbon produces the opposite result. 
He states that if temper carbon is present, blistering 1s certain. 

The use of charcoal, sea coal, plumbago, or other carbonaceous 
facings on a sand mold in which a casting is made that is to be enam- 
eled is said to be detrimental. Staley (8, p. 184) advises complete 
avoidance of all facings. On the other hand, one enameler (while 
preferring to avoid charcoal facings) advocates the use of plumbago 
facings and pouring the metal rather cold, with the object of prevent- 
ing the burning on of a layer of molding sand which may be difficult 
to remove by sand-blasting. 

A casting which has blistered on the first attempt to enamel it, if 
cleaned from enamel by sand-blasting, may ordinarily be reenameled 
without further trouble from blistering. Heating the castings to 
redness (so-called ‘‘annealing”’ or ‘‘burning out”) before sand- 
blasting is the generally accepted preventive of blistering. In some 
cases, blistering was said to be prevented by coating the sand-blasted 
surface with sodium dichromate solution, with the idea of increasing 
the oxidation of the surface, heating to redness and sand-blasting 
again. Danielson and Reinecker (4) made heating at 815° C. 
(1,500° F.) prior to sand-blasting the regular practice in their study 
of the properties of enamels for cast iron. 

Thorough cleaning of cast iron by sand-blasting before enameling 
has been recognized as desirable, to avoid blistering (5, 7). 

It has been stated that dry-process enamels can usually be applied 
without blistering to irons that will blister with a wet-process enamel. 
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Enamels of improper composition may be blistering of themselves; 
for example, a ground coat containing over 10 per cent Na.O caused 
blistering (4, p. 719). 

An enamel which is free from blisters when applied in proper amount 
may blister when too heavy a coat is applied irrespective of the com- 
position of the metal to which it is applied (6). In a 2-coat process, 
if the cover coat is too high-melting in comparison with the ground 
coat, blisters will result (4, p. 719). It is stated (4, p. 734) that white 
single-coat enamels containing more than 3 to 4 per cent SnO, applied 
on cast iron, even after “burning out,” caused blistering. This is 
ascribed to reduction of SnO, by graphite. 

Contamination of enamel with sulphur, sulphates, greases, or other 
organic matter, anything that gives volatile products on heating, may 
cause blisters (3). 


II. PRELIMINARY SERIES 
1. COOPERATIVE WORK AND PRELIMINARY EXPERIMENTS 


At the outset of the experimental work, it was planned that speci- 
mens representing such metallurgical variations as it was wished to 
study were to be made at the bureau and distributed to cooperating 
enamelers who would, without divulging the composition of the 
enamels used, enamel and return the specimens with a description of 
the process employed. ; 

Northern pig irons, designated as R, and L,, were supplied by the 
committee for these tests, which were especially designed to deter- 
mine whether remelting was beneficial, as had been claimed. Iron 
R, proved to have only a slight blistering tendency while iron L,; was 
strongly blistering. 

Both cupola and electric furnace melting were tried. The cupola 
was a small experimental unit, lined to 16% inches inside diameter. 
The tuyéres were 17 inches from the bottom. The coke used con- 
tained 89.65 per cent fixed carbon, 9.25 per cent ash, 1 per cent 
volatile, 0.10 per cent moisture, 0.89 per cent sulphur, 0.016 per 
cent phosphorus, and had 49 per cent cell space. A representative 
charge was as follows: 170 pounds coke on the bed, then 100 pounds 
iron, 40 pounds coke, 100 pounds iron, 40 pounds coke, 100 pounds 
iron. To each layer of iron was added 2% pounds oyster shells as 
flux. In such a heat, the first iron appeared in 8 minutes after 
starting the blast, the first tap being made in 18 minutes, and the last 
in 40 minutes. The blast entered at 4-ounce pressure and the volume 
of air used varied between 380 and 440 cubic feet per minute until the 
last 10 minutes when it rose to 500 to 540. Optical pyrometer 
readings of the stream of molten iron at tapping, corrected for devi- 
ation from black body radiation, gave 1,310° C. (2,390° F.) at the 
first tap and 1,380° C. (2,520° I.) on succeeding taps. 

The electric furnace was a magnesite lined, indirect arc, rocking 
type furnace holding about 300 pounds of iron. It was operated at 
80 to 105 volts, 1,100 to 1,400 amperes (momentary readings). The 
average power input was 75 kw. In a representative heat of 325 
pounds iron, charged into a cold furnace, the metal was melted after 
140 kw. h. had been used. Rocking of the furnace was then started. 
After 24% hours with a total input of 190 kw. h., the metal was at 
1,480° C. (2,700° F.). Unlike the small cupola, the electric furnace 
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could be made to deliver the metal at any desired temperature, and 
was much more satisfactory to use on an experimental scale. 

The change in composition on repeated cupola melting and the 
much smaller change on electric melting are shown in Table 1. 

It will be noted that, in cupola melting under the test conditions, 
the total carbon, the manganese, and the silicon decreased as a result 
of oxidation, whereas the sulphur increased on account of sulphur 

“pick up’ ’ from the coke. 

In the electric furnace the total carbon, the silicon, and especially 
the manganese, changed very little, and there was no pick up of 
sulphur. When close control of the composition for experimental 
purposes was necessary, it was therefore much easier to use the electric 
furnace than the cupola. 

The form of the castings used in the first part of this investigation is 
shown in Figure 1. 

Plates from the heats given in Table 1 (except heat 21) and from 
several other heats to which additions of arsenic, tin, and sulphur 
(added as iron sulphide) had been made, were enameled either at the 
bureau alone, or with different enamels at the bureau and cooperating 
plants, and examined for blisters. 


TaBLE 1.—Change in composition of pig iron on repeated meltings in cupola and 


electric furnace 
Carbon 
Tron Furnace and melt me Mn P S Si 
¥ Gra- Com- 
Total ror f 
phitic | bined 


eee ee SS Se ee ee ee Ss eee 


Per cent|Per cent| Per cent| Per cent|Per cent|Per cent| Per cent 
0. 029 2.99 


ieee: pera QOriginielipigeseesee sens Aeoeee 3. 62 3.06 0..55 0.78 0. 83 
re Se Cirpols. firshecees ee ae ‘ 3.40 3.18 722 . 69 81 . 048 2. 82 
AS SE eae Cupola, second__.._...2__-_- 12 3. 25 2. 84 41 57 . 84 . 058 2.77 
Riweoere Cupola ire eee ee tae 13 3. 22 2.74 -48 44 . 84 . 086 2.69 
BS ee dere hae RES Geet Bones oes 9 3.62 3.05 Ot ate . 80 . 026 2.90 
Deere rs NUS ELEC Oy mails td is Sees Sees Te 23 3. 66 SLT -49 ato . 80 . 023 2.70 
Rie ewe ileotrie SOCOM Get Pekan it 3. 76 3. 28 .48 BCL .79 . 030 2. 85 
i DF (eign) Pa Original pigs oe ieee ls eae (3.81 aie - 66 . 67 -46 . 045 2.31 
d Wek Meiete Ma CHDON LITSDe pote oes eee 6 3. 65 2.97 .68 . 56 . 46 . 050 2.16 
EN | ee LO oi Re SPC ONO Bae 14 3.47 3.07 - 40 oT - 46 . 076 2.24 
Tite ee Cupola, second._.._-___--__- 15 3) 51 2.74 artes 42 . 46 . 083 2.07 
Leen ee Oupolawebirdes eee 2 eee 16 3.47 2.95 Ou 33 -47 . 095 1,92 
tase a eh Cupolayfoutthen sss 21 3. 34 1.89 1.45 . 24 - 46 . 108 1.70 
Dyes Capolayiithesees cee eeneee 25 3. 20 .99 PROD .18 .47 . 125 1. 51 
Tig ea Hiectric, firste levee ee as 8 3. 67 3.16 - 51 .62 47 . 048 2.32 
Tisorene | pees C6 VOLE: Aspe lL Dl Ly et a a RM 17 3.76 3. 10 . 66 . 63 -47 . 038 2.19 
by eee Electric, second -..-.-.-_._2 10 3.97 3. 34 . 63 -62 . 44 .017 2.19 


With dry-process enamel, all specimens enameled at the bureau 
behaved excellently except for a few large blisters on heat 25, iron Ly, 
which as a result of remelting (five times in the cupola) had very high 
combined carbon and low silicon. One firm, using a dry-process 
enamel, reported satisfactory results on various heats of both R,; and 
L, except heat 25. Another firm, using dry-process enamel, also 
reported good results with R,; and some specimens of L; whether from 
cupola or electric furnace in the case of first melts in which the 
sulphur had been raised to 0.10 to 0.12 per cent. They reported 
poor results, however, with the electric furnace melts not having 
sulphur additions and with the L, cupola remelts, 
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With wet-process enamels, one cooperating firm used no ground 
coat, but instead two coats of a very low melting white enamel. 
They reported severe blistering on all specimens of both irons. How- 
ever, by merely increasing the firing time on the second coat from 12 
to 17 minutes, a great improvement resulted on the few repeat tests 
that were made, some specimens being practically perfect. 

At the bureau, specimens coated with ground coat Rg-1, fired at 
900° C. (1,650° F.) and followed by a white cover coat, R-14, blis- 
tered badly. The compositions of ground and cover coats are given 
in Tables 2 and 3, 


TaBLE 2.—Composition of ground coat Rg-1 } 
COMPOSITION OF MELTED FRIT 


Ground coat No. Flint B203 Na20 ° PbO 


—_— “| | —————@€— «~' ecm l\icuwm— 


Per cent | Per cent | Per cent | Per cent 
1 RTS oe Stat UR a pale i Pe Ne LG. oe NTS UR AE PRS SE eo 69. 90 13. 57 8. 53 8.00 


COMPOSITION OF BATCH; 100 PARTS OF MELTED FRIT 


: Sodium 
Ground coat No. Flint Borax mittate Red lead 


—_——————$$——— | | S| ee, 


Per cent | Per cent | Per cent | Per cent 
RC G1 emer neers tr vee BS ee Ce 3 oes 69. 90 36. 96 6.95 8.17 


1 Ground coat Rg-1, B. S. Tech. Paper No. 246, pp. 702, 703 (used with 15 per cent clay). 


TABLE 3.—Composition of white cover enamels R-11 and R-14! 
COMPOSITION OF MELTED FRIT 


Enamel No. Feld- Flint | B2Os | NasO | PbO ZnO CaF, Sith 


ee | en | eee | | | EEE | eee |S 


Per cent|Per cent|Per cent|Per cent|Per cent| Per cent|Per cent| Per cent 
1 EES i Sa de pao te oe hes Pe Ra 33.0 12.0 9.0 8.5 21.0 6.0 5.5 5.0 
g OES tee Bar ip 4, DROZ Te cal tS Oe SH oe UAE ai Be 38.0 12.0 4.0 8.5 21.0 6.0 5.5 5.0 


COMPOSITION OF BATCH; 100 PARTS OF MELTED FRIT 


Feld- Mint ‘Borax Sodium| Soda Red Zinc | Fluor- | Cryo- 


Enamel No. spar nitrate] ash | lead | oxide | spar | lite 
Per cent| Per cent| Per cent| Per cent|Per cent| Per cent| Per cent| Per cent| Per cen 
Mle eae ee a AL eT 33.0 12.0.) 24.52 6. 20 3.86 | 21.60 6.0 B70 5.0 
TA eet Np he 38.0 12.0} 10.90 6. 20 7.70} 21.60 6.0 5.5 5.0 


1 White cover enamels R-11 and R-14, B. S. Tech. Paper No. 246, pp. 708-709. 


_One firm enameled some specimens with wet-process enamel, the 
ground coat being fired at 870° C. (1,600° F.) for eight minutes, the 
cover coat at 840° C. (1,545° F.) for seven minutes (composition of 
enamels not given). The results of these tests are shown in Table 4, 
together with similar ones carried out at the bureau, rated on a scale 
in which 100 represents a perfect piece with no blisters and 0 a 
piece with an average of one or more blisters per square inch (18 
blisters on the 18 square inch specimen), 
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One might conclude that iron R, is, on the whole, not a ‘‘blistering”’ 
iron, whereas L, is a strongly ‘‘blistering”’ iron. From the results of 
the bureau tests of L, heats 14, 15, 16, and 25, one would conclude 
that remelting in the cupola made the iron worse, while from the tests 
made under commercial conditions no definite ‘conclusion could be 
drawn. However, it is plain that mere remelting is by no means’ 
“cure-all” for blistering. The results with heats L,, 22 and 27, 
suggest that an increase in the sulphur content to 0.10 to 0.12 per 
cent would help, but when sulphur was added in heat L,-28 (Table 4) 
this conclusion was not verified. 

A few heats of iron L,; were made with additions of tin or arsenic, 
but no beneficial results were observed. 

Inconclusive results were also obtained from some experiments 
(2-coat, wet-process enamel on iron [y, heat 14, Table 4) in an effort 
to study the possibilities of surface treatment, aimed to remove carbon 
or graphite from the surface before enameling, 


TaBLE 4.—Comparison of tests on iron with wet-process enamel 


Carbon Rating 
eae Mn/s| B 
fron Heat a Mn| P| 8S | Si ty u- | Com- 
pee To- | Graph-} Com- ratio| 1 Ser mer- 
8" | tal | ite | bined Stana-| cial 
ards 
PAC eee Cla ie Cheal Eee Chsliee CLA ee Che fe Ch | SRA cl WP Schnee: Che 
Rive le eCUpO ia ueaEe a eer ane First____| 3.40 3. 18 0. 22} 0. 69} 0. 81)0. 048) 2.82) 12,2)___.____ 100 
135 CUPOLA noe eee Third 1) (3)22, 2. 74 48} .44/ .84| .086| 2.69] 5.1 4} 100 
9; electricit tee eee Firstacs 214362 S105 sDeleio ; 80 . 026) 2.90) 28.1 89 94 
24, electric plus S_._____|_-- do-puis 3. 64 3. 16 ASS 7477). M102 7) ee TO ee = 
26, electric plus S______]__- do_.___| 3. 58 3. 09 .49) .77| .79] .090) 2.93} 8&6 13) eth 
Tate ce. ‘cupola raw Vagos Wepe aes 58 Birst2s2- 113060 2. 97 -68| .56/  < 46] . 050) 2.16) 10, 2)--- 22 0 
alF: Ber 61 6 ao) ks Ween eacus ll ofa Qo al Bar dow 3. 47 3. 07 40| .57| .46! .076} 2.24) 7.5 7 73 
TS CCUP Ola sere ere te Second__}*3. 51 2. 74 5 hal 8 42)" 46| VOSS 2. OVO. 2 28 56 
16; cupola _ Bae fh tAes Third 22 | 3147 2.95 Oe ool S40) ss 095) Lage 3.5 0 67 
20; CUDO MA sae mean Fifth____| 3. 20 . 99 QD Lis ES ie 2a tel eD lal aod 1.4 0 89 
22,-cupola plus:S2 23. Hirst_.22) 3.59 2. 99 . 60}. . 56} . 45] . 121) 2.22) 4.6 100 92 
SY electricus cease hae doze 3. 67 3. 16 -51)} .62) . 47] .048) 2.32) 13.0 0 83 
27 CIECtLIC PIUS Swe 23| Seadoo see 3. 75 3. 19 ~ 56} 65) . 43) .105) 2.30) 6.2 83} 100 
28, electric plus S______|--_do_____ 3. 67 3. 09 . 58} .61) . 44) .092) 2.21) 6.6 50 56 


Sand-blasted specimens of ‘‘blistering’”’ iron were covered with 
commercial grades of red lead, red iron oxide, and black iron oxide, 
respectively, and heated to 925° C. (1,700° F.) for 10 minutes. Much 
of the lead oxide was volatilized during heating. After lightly 
cleaning the surface and enameling, no distinct or significant difference 
was found between the blistering of specimens so treated and that of 
untreated specimens. 

Specimens of irons L,, heat 17, and R,, heat 7, were mad sand- 
blasted and heated in steam for about an hour at 500° C. (930° F.), 
in order to produce a thin adhering coating of oxide on the surface. 
Part of each specimen was then lightly ground down in order to clean 
it from oxide and the 2-coat wet-process enamel applied over the 
entire surfaces. With the weakly blistering iron, R,, the oxidized 
surface blistered badly, while the metallic surface was almost free 
from blisters. With the strongly blistering iron, L,, both the oxidized 
and the metallic surfaces blistered badly, 
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FIGuRE 1.—Specimens (3 by 6 by 3/16 inch) cast four at a time 


A, Cope side, gate in the middle; B, drag side of same casting 
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B 


FigurE 3.—Specimens (3 by 6 by 3/16 inch) cast 18 in 1 plate 


A, Cope side, with gate and risers; B, drag side of same casting. 
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2. HEATING CURVE OF GROUND COAT | 


From a heating curve (fig. 2) of the ground coat mixture, it was 
evident that the firing temperature used in the early work, 900° C. 
(1,650° F.), was far above the sintering point of the material. Con- 
sequently the firing temperature for a number of the following tests 
was reduced to 760° to 800°C. (1,400° to 1,470° F.), the firing time 
being 12 to 15 minutes. The cover coat R-11 was fired at 680° to 
710° C, (1,255° to 1,310° F.) for 6 to 9 minutes. 
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Ficure 2.—Inverse rate heating curve of enamel 


Ground coat powder RG-1 (+15 per cent clay). Curve shows the tims 
required to raise the temperature of this material a certain number of 
degrees at different temperatures. 


3. CHANGE IN FORM OF TEST PLATE 


In some cases the blisters on test specimens were thought to be 
ascribable to porosity of the iron that might result from shrinkage 
near the gates, from sand holes due to washing of the sand by the 
stream of metal, or other causes not characteristic of the iron itself. 
Hence, the small separate specimens, shown in Figure 1, were replaced 
by a larger plate shown in Figure 3, which was later cut into specimens 
of the same size as Figure 1. Direct connection of a gate with a speci- 
men was in this way eliminated. The drag side of the casting was 
invariably the one coated in the enameling tests. The use of the 
larger plate and of extreme precautions in making the molds and pour- 
ing the metal gave specimens with fewer sand holes, but erratic results 
still persisted on enameling. 
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In some cases a blister in the enamel could be logically ascribed to 
the presence of some flaw in the casting as shown by grinding down to 
the metal. The majority of blisters on specimens from the large cast 
plates, however, appeared to bear no relation to casting flaws. 


4. CONTINUITY OF GROUND COAT 


Another suggested explanation for erratic results was that perhaps 
the ground coat failed to cover the iron and that blisters resulted at 
bare spots. Specimens to which the ground coat had been applied 
were tested by the ‘“‘ferroxyl indicator” (8). A wall of plasticine was 
built around the edges to hold the solution until it solidified and two 
copper wires were immersed in the liquid as a possible means of accel- 
erating the action. In such a test any exposed iron is indicated by a 
blue precipitate. 

No ground-coated specimen was found which was free from bare 
spots. Since various lots of ‘‘nonblistering”’ iron showed no blisters, 
it was obvious that blisters need not result necessarily from contact 
of the cover coat at bare spots. 


III. STANDARDIZATION OF TEST PROCEDURE AND STUDY 
OF ADDITIONAL VARIABLES 


In view of the inconclusive results obtained in the preliminary series 
of tests, it was decided that instead of making up a large number of 
specimens for distribution to commercial enamelers who would use 
various enamels and enameling procedures, it was best to use only 
one type of enamel and to do all the enameling under definitely con- 
trolled conditions at the bureau. For standardizing the enameling 
procedure, a supply of commercial castings known to be relatively free 
from blistering troubles was adopted as nonblistering iron. A stand- 
ard of time and temperature was adopted for firmg both the ground 
and the cover coat (the ground-coat and cover-coat frits were supplied 
by the cooperating committee). Blister-free ware was obtained with 
this iron when the coatings were applied in the weights prescribed. 


1. METHOD OF RATING 


Specimens were selected to be used in rating the enameling results 
numerically from 1 to 5; 1, excellent; 2, gran: that is, would 
probably be just passed. by a commercial inspector; 3, slichtly blis- 
tered, probably would be rejected; 4, badly blistered ; and 5, very 
badly blistered. 


2. COMPOSITION AND APPLICATION OF ENAMEL 


The enamel composition and the firing temperatures were main- 
tained constant throughout all the rest of the investigation, though, 
as will be noted later, the firing periods were not. The composition 
and method of application of the ‘“‘standard”’ ground and cover coats 
are given in Table 5, 
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TaBLE 5—Composition of standard ground coat and cover coat 


Batch weights Calculated melted compositions 


Raw material 


Ground Cover Ingredient 


coat coat coat coat 
Per cent | Per cent 
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GUAST is 1 GOr soe eae ee SO eee, ot Tot OLY OL O62 ee ae Os eed as eee cet 4, 28 
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The above ground and cover coats were furnished by the cooperat- 
ing committee of the American Ceramic Society. The ground coat 
was sintered in sheet-iron pans holding about 25 pounds each in a 
muffle furnace for one hour at 848° to 871° C. (1,550° to 1,600° F.). 
The cover enamel was melted in a coal-fired open-hearth smelter in 
batches of about 700 pounds for about 1% hours. 

The special ground coat used for this work was prepared by 
crushing the frit first in a jaw crusher, to pass a No. 4 sieve, and then 
milled in 10-pound batches in a 10 by 14 inch porcelain ball mill 
containing 46% pounds of pebbles. The mill batch and milling 
procedure were as follows: 


Pounds 
Ly tae i they SRT WTI PS eat RA SERRE Nag Pee be Pa 10 
W's 5 0 oan ystems) = ote! APY bet AP is See ae Sor adh aan el feng A 5b 


This was ground three hours (12,000 revolutions), and the following 
addition made: 


Pounds 
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This was then ground three-fourths hour (3,000 revolutions), more. 
A screen test of the ground coat prepared in this way gave the 
following results, based on the dry weight of enamel: 


Per cent 
COA Seer Lies Leb TOR bone eee Se eT ASME Sc Ee a 0. 04 
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The white cover enamel was also prepared by grinding for three 
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A screen test of the white cover enamel gave the following results 
based on dry weight of enamel: 


Per cent 
PARTOOTIL DAIL L DO TICs ime a wiae ea ee ne On NOM Br TZ 0. 06 
Acar UIE OTR CULM INION. te erie oe ener. ENS eg tree en am 2. 54 
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The cast-iron specimens to be enameled were prepared by sand 
blasting with Ottawa sand-blast sand at 25 pounds pressure and then 
cleaned free from dust. (The time of sand blasting was not specified 
at this stage of the work.) 

The ground coat prepared as above was applied at a specific MD 
of 1.53 to give a wet coating of 3 to 4 g on the test specimens (3 by 6 
inches). These were dried in an electric oven at 90° C. for at least 
45 minutes. They were then fired in a gas-fired muffle furnace at 
835° C. (1,535° F.), for eight minutes (three to eight pieces in a load), 
and allowed to cool in the air. The temperature drop upon insertion 
of the load was about 45° C. (81° F.), recovery being made before the 
end of the firing period. 

The white cover enamel was applied to the ground-coated pieces at 
a specific gravity of 1.91 to give a wet coating of 23 (+1) g on each 
specimen. ‘The pieces were dried in an electric oven at 90° C. for at 
least 1% hours. ‘They were kept in the oven at this temperature until 
ready to be fired and were then fired at 790° C. (1,455° F’.), for seven 
minutes (three to eight pieces in a load), the temperature drop upon 
insertion of the load i in this case being about 30° C. (54° F.). 

Inasmuch as the method called for handling three to eight pieces 
as a furnace load, in general a load was made up of specimens from 
different heats, not of duplicate specimens from the same heat of 
iron. Instead of relying on a single specimen as an indicator of 
blistering, four or more duplicate specimens were fired in different 
loads. ‘This procedure at once brought out the fact that duplicate 
specimens, even under the carefully controlied firing conditions, often 
did not behave the same as regards the formation of blisters. 


3. NEW IRONS OBTAINED 


The original irons, R; and L,, having been nearly exhausted in 
previous work, similar northern i irons, Re (slightly blistering) and Lz 
(strongly blistering) were obtained from the same sources as before. 
Southern and southern charcoal’ pig irons were also obtained for 
comparison. 

The compositions of all of the pig irons used are shown in Table 6. 


TABLE 6.—Composition of pig irons used in enameling tests 


(See Table 16 for content of other elements) 


Composition 
Designation of irons Character peed re orca Gorm 
otal |Graphite] bined | Mn P 8 Si 

carbon | carbon baron 

Per cent} Per cent |Per cent|Per cent) Per cent|Per cent|Per cent 
Southern charcoal_-_-.-- Weakly blistering _- 3. 82 3.4 0.42 | °0.17 0.51 | 0.024 1.75 
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a adele By BEY Lael pe Blistering vee see. se es 3. 81 3.15 . 66 . 67 46 . 045 2.31 
WF OS SAA anise ok a BS Sean -----d0 Dy Reeth Le ES 3.73 3.14 . 59 78 . 50 . 090 2.55 
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4. STUDY OF SEVERAL VARIABLES—MANGANESE-SULPHUR RATIO, 
PHOSPHOROUS CONTENT, COMBINED CARBON CONTENT, CAR- 
BONACEOUS FACINGS 


On the assumption that the average enamel rating might show the 
presence or absence of a trend, the ratings have been plotted against 


AVERAGE RATINGS 
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MANGANESE-SULPHUR RATIO 


Figure 4.—Average ratings plotted against manganese- 
sulphur raivos 


the manganese-sulphur ratio and the combined carbon in Figures 4 
and 5. From the data shown in Figure 4, it appears that control of 
the manganese-sulphur ratio offers little promise. Figure 6 indicates 
that phosphorus in itself is not a major factor, since both good and 
bad specimens are found whether the phosphorus is present in 


AVERAGE RATINGS 


0.1 0.2 0.3 04 OS 0.6 0.7 0.8 


% OF COMBINED CARBON 
Fiagure 5.—Average ratings plotted against per cent of 
combined carbon 


Heavy line mdicates general trend and light lines indicate upper and 
lower limits. 


amounts of 0.50 or 0.80 per cent. On the other hand, it does appear 
that as a general thing the lower the combined carbon, the less the 
tendency toward blistering, although in some cases high combined 
carbon does not appear to be detrimental. Figure 7 indicates that, 
other things being equal, the combined carbon falls as the silicon 
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increases, as is to be expected; that is, there is some indication that 
the softer irons (low combined carbon, high silicon) give less trouble 
than the harder irons. 

It should be pointed out that besides the variables plotted in these 
figures there are other variables, which are neglected in the figures. 
For instance, in Figure 6, the 
position of the points is influ- 
enced by the combined carbon 
content as truly as they are in 
Figure 5, but the combined car- 
bon content is neglected in Fig- 
ure 6. Hence, the figures 
should be considered only as 
approximate indications of the 
effect of individual elements 
upon blistering tendencies. 

Various mold facings were 
tried, as shown in Table 7. 
Heats 48, 50, 51, 52, and 53, 


AVERAGE RATINGS 


Gees has Hosa or igae all with carbonaceous mold 

% PHOSPHORUS facings, ranged from 2.3 to 3.5 

Ficure 6.—Average ratings plotted against aVeragerating. A proprietary 
per cent of phosphorus mold facing was suggested as a 


possible cure for blisters. This 
facing was of complex composition and contained much carbonaceous 
material. When this was used on parts of molds, the corresponding 
parts of the castings, when enameled, were found to blister exces- 


0.1 O.2 0.3 04 . 05 0.6 Ohi 01.08 
% OF COMBINED CARBON 


Fiaure 7.—Per cent of silicon plotted against per cent of 
combined carbon 


sively, regardless of the iron used; whereas the parts that had been 
in contact with the uncoated mold blistered only slightly or not at 
all, depending on the iron. It may be pointed out, however, that a 
light application of plumbago seemed to be rather beneficial in the 
case of heat 51. 
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5. NONBLISTERING IRON BECOMES BLISTERING ON REMELTING 


A need having arisen for more specimens of known ‘“‘nonblistering”’ 
iron, some commercial castings which were left from the stock used 
in a study of enamels at the Bureau of Standards (4), and which were 
considered free from any tendency to blister, were remelted in the 
electric furnace and cast into standard test plates. On enameling 
these castings by the standard method they blistered badly. This 
again raised the question whether irregularities in results should be 
attributed to the iron or to some unconsidered variable in the enamel- 
ing process. 


6. **BAKING’?’ PROCESS AND WATER ADSORPTION TESTS 


The idea of preheating at a low temperature (termed ‘‘baking”’ to 
distinguish it from the ‘“‘burning-out”’ process) was tried out. Since 
enamel is applied wet and contains uncalcined clay to hold it in sus- 
pension, it appeared possible that the water of constitution of the clay 
which would not be driven off in drying, might react during the firing 
process and be a cause of blisters. It was also considered possible 
that water might be firmly adsorbed in microscopic or submicro- 
scopic ‘‘pores”’ of the metal, since an adsorption of moisture during 
pickling, which is not given off on drying but is given off at galvanizing 
temperatures, has been suggested by Lindemuth (9) as a possible 
cause for blistering of galvanized sheet. The details and effects of 
the baking treatment are discussed in one of the following sections. 

In order to study the hypothesis that water adsorbed in pores might 
play a part, seven specimens each of the two irons, R2 and Le, were 
sand-blasted and then soaked in water 40 hours, after which they were 
wiped with a towel, sprayed with ground coat in the regular manner, 
and put through the “range” test. (See following section.) The 
results are shown in Figure 8, and should be compared with the lower 
halves of the specimens in Figure 9, which were not water-soaked. 
The weakly blistering iron, Re, was not affected by the water-soaking 
treatment, but the strongly blistering iron, Lz, appeared to be some- 
what more blistered on the three and five minute ground-coat firings 
with water-soaking than without. 


IV. THE RANGE METHOD OF FIRING AND ITS APPLICA- 
TIONS 


In the attempt to make the “‘standard”’ enameling process a sharper 
‘“‘indicator”’ so that a laboratory test would more clearly show whether 
a given metallurgical change in composition or treatment of the cast- 
iron had affected its blistering properties favorably or adversely, a 
new test was developed. 

The basis of the new test was that each iron should be enameled 
under a variety of firing treatments instead of a single one, and that 
irons should be distinguished from each other according to the 
breadth of the range of treatments within which no blisters were 
observed. Seven specimens were required to make a test and, for 
the particular enamels which had been supplied the bureau, the 
following schedule was used: 

The ground coat was fired at 875° C. (about 1,605° F.) for varying 
lengths of time on different specimens. The first specimen was fired 
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for 3 minutes, the second 5 minutes, the third 714 minutes, and so on 
by 2%-minute increments, the seventh specimen being fired 17% 
minutes. Then the cover coat was applied to all under uniform con- 
ditions and fired for 8 minutes at 800° C. (about 1,470° F.). Except 
for the firing periods, and the specification of 3.0 to 3.6 g¢ of wet 
eround instead of 3.0 to 4.0 g, the conditions of application as worked 
out in the standard process were retained. 

Different lots of castings reacted to this test in various ways. One 
lot might give the best results when the ground coat was fired for five 
minutes and another when it was fired for seven and a half minutes, 
while a third would be almost free from blisters throughout the range 
of treatments. It then became apparent that no single-firing treat- 
ment could fairly be chosen as standard. 

Looking at the bottom half of each of the two sets of comparison 
plates in Figure 9, one will note that, at five minutes’ firing of the 
eround coat, the specimen in the bottom row would be called superior 
to that in the upper row, whereas at seven and a half minutes’ firing, 
the opposite is very clearly shown. ‘The whole series shows unmis- 
takably that the upper row is the better. 

Blistering may be considered as a gas-producing reaction between 
the metal and the enamel, or the air. This reaction requires time. 
A metal that can be heated over a wide range of firing periods without 
blistering is obviously better than one which is equally free from 
blistering at one definite condition of firing, but will blister if that 
condition is not adhered to. 

A few check tests were made on specimens from heats of iron which 
had previously been enameled by the standard procedure. It was 
found that the check specimens gave quite different results when the 
ground coat was fired under different conditions. This observation 
may help to explain some of the erratic results of early tests both at 
the bureau and at the cooperating plants. 


V. FURTHER COOPERATIVE EXPERIMENTS 
1, OUTLINE OF PROCEDURE 


After some preliminary tests, it was decided to submit the two 
irons, R, and Lz, to cooperative tests at the bureau and at two com- 
mercial laboratories. The specimens and the enamels were distrib- 
uted from the bureau and the process of application which has been 
given in the description of the range test was used in these cooperative 
experiments. In addition, a high lead enamel without a ground coat 
was applied under the conditions which are given in Table 8. 
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. TaBLE 8.—High lead enamel 


[Applied as two coats, without ground coat] 


Batch weights Calculated composition after melting 
Raw material Parts Ingredient Parts 
Per cent Per cent 
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The slip (enamel suspension) was made up to a specific gravity of 
2.15 and sprayed on the castings, the wet coating, weighing 6.0 to 
6.6 g per specimen. After drying at not less than 90° C. (195° F.) 
for not less than an hour the plates were fired at 710° C. (1,310° F.). 
The temperature of the furnace regained its original value in five 
minutes after insertion of the load. Seven sets were fired, the initial 
firmg period being 10 minutes, which was increased by 2%-minute 
increments up to 25 minutes for successive firings. The second coat 
(20 to 22 ¢ per specimen) was sprayed on, dried as before, and fired 
at 660° C. (1,220° F.) for 12 minutes. 

In these cooperative experiments some tests of the baking treatment 
mentioned above were included. In one set of tests the baking was 
done on the ground coat only, in another both ground and cover 
coats were baked, and in the third only the cover coat. Baking was 
always carried out in a furnace at 500° C. (930° F.) for a period of 
eight minutes and the ground coats were all fired in seven and one half 
minutes. For these tests, including those on baking, four electric 
furnace heats of the two irons, Rz and Le, were made, a total of 1,440 
specimens being prepared. 


2. RESULTS OBTAINED 


_ The results of these tests and the chemical compositions of the 
irons, are given in Tables 9 and 10, respectively, 
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TABLE 10.—Resulis of analyses of different heats of irons Lz and Rez 


Composition 
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Two factors which are very important stand out clearly from. the 
results of these cooperative tests. First, there is a difference in the 
tendencies of different lots of iron to produce blisters when enameled 
under uniform conditions. Second, different heats of the same pig 
iron may vary in their blistering tendencies just as definitely as heats 
from different pig irons do. ‘Table 9 shows that there are four heats 
of each iron and four sets of testing conditions for each heat (two 
commercial laboratories and two different types of furnaces at the 
bureau). The average ratings under these four sets of conditions 
agreed very well in placing the different sets of castings in order of 
blistering tendency. Thus, for the four heats of iron Le, heat 4-55 
was first (in order of increasing blistering tendency) in all four cases. 
Heat 3-55 was second in all four cases. Heat 2-55 was third in three 
out of four cases, and fourth in the remaining case. Heat 1-55 was 
at the bottom of the hst (greatest blistering tendency) in three out of 
four cases, and next to the bottom in the other one case. For iron 
R, there was unanimous agreement that heats 2-56 and 3-56 are both 
better than either 1-56 or 4-56. The former two heats were evenly 
divided between first and second places. Heat 4-56 received third 
place in three out of four cases, and fourth place in the remaining 
case. Heat 1-56 received the lowest rating in three out of four cases, 
and next to the lowest in the other case. The average ratings (Table 
9) showed that heat 4-55 has so much less blistering tendency than 
the other three heats of iron L, that it may be classed separately from 
them. Likewise, heat 1-56 has considerably more blistering ten- 
dency on the average than the other three heats of iron Re. The 
superiority of iron R, over Le, with respect to blistering tendency, is 
quite marked in the remaining six heats. 

Commercial laboratory No. 2 as a rule produced specimens not so 
badly blistered as laboratory No. 1. In this connection it is signifi- 
cant (in view of the results reported later) that laboratory No. 2 used a 
commercial sand-blasting outfit with 90 pounds air pressure (firing in 
an electric furnace) while laboratory No. 1 used a laboratory sand 
blast at a considerably lower air pressure (firing in a gas furnace). 

The data discussed above all apply to the process and enamels 
adopted as standard. Practically no information was gained from 
the low fusion, high lead enamel test, for very little difference was 
shown between the different lots of castings with this enamel. 
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The results obtained with the baking tests varied according to the 
laboratory in which the tests were made. Since in the baking tests 
the ground coats were all fired seven and one-half minutes (875° C., 
about 1,605° F.), it seems logical to compare the baked specimens 
with only those unbaked ones which had the same firing treatment. 
The data in Table 9, when analyzed in this way, show that in the 
bureau tests baking was distinctly beneficial, and that baking of the 
ground coat only caused greater improvement than any other baking 
procedure. 

The results of some additional tests on baking which were carried 
out at the bureau, but not duplicated in the two cooperating labora- 
tories, are given in Table 11. 


TABLE 11.—Results of enameling tests on heat No. 44, tron Le after baking 


[Ratings of specimens having ground coats fired for different periods] 


3 min- 5min- | 74 min-| 10 min- | 12144 min- 
utes utes utes utes utes 
3 3 2 3 3 
Ground aed and cover coat baked 8 minutes at 500° 3 4 4 4 2 
Ce (OS02ME Met aA. te ees ee eee Av A { Teal etek pared lA se epee BU se ee nl 
--------- LEP A OAGe. Slee ae Be 
Dag ay gb ted cS ale ye, Seabee fas O08 gi pire Soe, Ape 3 24 i 3 3.5 2.5 
5 4 3 4 4 
Wer baked.ee re ee ee ee Maen oe aes * sa : : ? 
seta ets { SEP Rhett sai Tidal FEES, se 
(A VeOTarOes Ct gee Ss | Jee eel eee es 5 3. 5 3.5 4.5 4.5 


1 Duplicate. 


The results of the above-tabulated baking tests and the tests of all 
three laboratories considered as a whole, indicate that baking is help- 
ful under some conditions, and if properly worked out in any par- 
ticular case would doubtless constitute an added factor of safety, 
but that this treatment can not be relied upon to eliminate blistering. 


VI. EFFECT OF THE SURFACE LAYERS OF CASTINGS ON 
THEIR ENAMELING PROPERTIES 


1. IMPORTANCE OF CLEANING OPERATION 


From microscopic data on hand at an early stage of the investiga- 
tion, it was suspected that the source of trouble might be located in 
the surface layer and that the removal of this would eliminate blister- 
ing. A systematic investigation was not carried out at that time, 
because of the negative results which were obtained with some of 
the specimens, the surface of which had been machined and sand- 
blasted before enameling. 

The importance of the cleaning operation was again brought up 
and given serious consideration on account of more recent observa- 
tions showing that prolonged sand-blasting resulted in a noticeable 
improvement, although the normally cleaned specimens showed no 
indication of improper sand-blasting. This question of the proper 
cleaning of cast-iron ware to be enameled has been very strongly 
emphasized in recent literature (5). In this connection it may be 
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noted that variations in air pressure, reuse of old sand with large 
proportions of material too fine to produce effective cleaning, and 
changes in amount and velocity of sand due to wear of the sand-blast 
nozzle may pass unnoticed, so that equal removal of the surface of 
the castings during sand-blasting may not be obtained with equal 
time of blasting. Similarly if a skin of burned-on molding sand is 
present, the early period of the sand-blasting process will be occupied 
in removing the sintered sand rather than in cleaning the surface of 
the iron itself. 


2. SURFACE REMOVAL ELIMINATES BLISTERS 


Experiments were made in which the surface of each casting was 
machined off across one end, the other end receiving only the regular 
sand-blasting. Specimens prepared in this way were given the range 
of firing treatments which has been described. Specimens from one 
of the better heats of iron R, and of the blistering heats of iron L, 
were used. The unmachined ends of the specimens showed the usual 
result, namely, that iron R, gave very few blisters under any of the 
treatments, whereas iron L; blistered throughout the greater part of 
the range. (Fig. 9.) On the other hand, the machined ends of both 
sets of castings were relatively free from blisters throughout the range 
of treatments, even when the ground coat firing period was as long 
as 17% minutes. Out of 37 tests, with this firing period, on unma- 
chined specimens of irons Re and Le, only three specimens had been 
given ratings better than 3. It was found also in a limited number 
of tests that the pickling of normally sand-blasted specimens with 
12 per cent hydrochloric acid for 10 minutes at 60° C. (140° F.) was 
almost, if not quite, as effective in eliminating blisters from iron Lz 
as the machining. Thus, prolonged sand-blasting, pickling, and 
machining removed the surfaces of the castings, and in doing so 
removed the source of blistering.” 

Since each of the treatments mentioned above lightened to some 
extent the treated portions of the castings and caused a more rapid 
rise in temperature when placed in the furnace, the following experi- 
ments were made to determine whether or not the improvement of 
the treated ends of the castings was related to this condition. 

A set of castings was planed off at one end on the opposite side 
from that enameled and given the regular range of enameling treat- 
ments. In this case the thin ends of the castings were no better 
than the thick ends, a result which indicated that the improvement 
above can not be attributed to the effect of decreased thickness of 
the castings upon the rate of heat absorption. 

In order to get an idea how deep this “‘blistering”’ layer extends, 
specimens of iron Iz, after normal sand-blasting (which did not 
remove all the ‘‘blistering”’ layer) were machined at a slight angle to 
the surface to be enameled. Since the plates were not perfectly flat, 
the machined areas were somewhat irregular in shape. Figure 10 
shows how the removal of an extremely thin layer sufficed to remove 


2 After publication of this statement in a progress report (J. Am. Cer. Soc., 11, No. 8; August, 1928), 
information was received from several sources that some blistering irons were encountered in regular pro- 
duction which were not improved by removal of the surface layer. These reports were not received in 
time to do any investigative work of which the results could be included in the present paper. If blistering 
was due in these cases to defects such as sponginess in the castings, marked improvement would not be 
expected from removal of the.surface layer, 
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the material responsible for blistering. It will be noted that blistering 
disappeared entirely at the boundary of the machined surface. | 

Whereas previous study had been directed primarily at the chem- 
ical composition and physical soundness, the work was now con- 
centrated on the surface layers of the castings. 

A more carefully controlled sand-blasting procedure was used in 
the subsequent work, to minimize any irregularities in results arising 
from variations in sand-blast treatment. Ottawa silica sand (20 to 
30 mesh) was delivered at 60 pounds pressure, from a nozzle of 1 
inch inside diameter, normal to the surface of the specimens placed 
4 inches below for a period of 45 seconds. The specimens were 
moved horizontally during sand-blasting, and when an occasional 
specimen having less than the usual 18 square inch surface was 
blasted, a proportionally shorter period of blasting was used. 


3. ADDITIONS OF SOFTENING AGENTS, ALSO PHOSPHOROUS AND 
FUSED SODIUM CARBONATE 


On the theory that a softer (lower combined carbon) iron might 
be less ‘‘blistering”’ and more susceptible to removal of the surface 
layer in an ordinary cleaning process, an attempt was made to im- 
prove iron I,, the more strongly blistering one, by softening it. 
Since an increase in the silicon or nickel contents would tend to pro- 
duce this result, one-half per cent of each element was added sepa- 
rately and the ‘‘range’’ method applied. (See Table 12.) 


TaBLE 12.—Effects of nickel and silicon additions on ratings of iron Lz (electric 
furnace melts) 


Composition 


Addition Heat Carbon 


Poe Bh Mn P s Si Ni 
‘Graph- om- 
Total ite bined 


INON@ecm eee acadeuntnes 1 dee OE By | ae cecal tad be eee one Sal Te ee ee ol 

Deeet ecole ee 61 3. 26 2. 78 U0 eee a pee tet eee 7 a ph aa foal 

2 Per cent Nitout ti, 57 3. 25 3. 14 e11 0. 73 0.52 | 0.043 2. 27 51 

OR oe se el a ea 2 63) | eeoseen| ae eae |e eee ee | De Se cI De eae ee ee 

¥ per cent Si__________- 60 3. 25 2. 83 es RS S| Ee eee ot Be Te, 2,.00Ne aoa 4 
Standard enamel rating at firing time shown (minutes) 

Addition Heat 

3% 5 7% 10 1214 15 17% 

NOHOE 22 22.0- Foe Lae Seen ae 1 1-2-3-4-55 4.4 2.5 3. 1 4.6 4.4 4.4 34.7 
fot ee Pe) aa See > eee eee Bl ite. Seca 2 3 3 3 3 3 

92 DOL CBILG, IN be cies pet a ae 57 2.0 2.0 2.3 2.3 3.0 3.3 44.0 
ORL ER. EPL Ee 2B eet $163 “eLendZ of 3 3 4 3 5 
POOR CONt Olam ee ese GO. see ee 1 2 3 4 3 3 


See Table 10. 

Not analyzed. 

Average of Bureau of Standards tests in Table 9 fur all four heats, without baking. 

Average of three sets of tests at bureau. 

The results, compared with those of Table 9 over the important 
firing range of 5 to 10 minutes, appear promising since none of the 
softened irons were rated lower than grade 3 over this range, while 
in Table 9 half of the L, specimens tested at the bureau over this 
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Figure 10.—Plates machined off at slight angle before enameling. Iron La, 
melts 2-55 and 3-55 
Lettered plates are graphical representations of appearance of plates after machining. Unshaded 


portions were machined; shaded portions had normal sand-blasted surfaces. Ground coat fired 
10 minutes at 875° C. (1,605° F.) and cover coat 8 minutes at 800° C, (1,470° F.). 
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firing range were given poorer grades. However, in the heat of L; 
(No. 61), used for comparison with this series, no specimens were 
rated worse than grade 3, so the evidence was again inconclusive. 
Therefore, several further tests with additions of nickel, silicon, and 
aluminum were made. While no conclusive results were obtained in 
a limited number of experiments with ladle additions of one-half 
per cent and 2 per cent nickel, nor with 1 per cent aluminum, promis- 
ing results were obtained with silicon additions made in the furnace. 
Table 13 and Figure 11 show that there was a noticeable improve- 
ment in the enameling properties of the blistering iron L, with a 
higher silicon content, addition of this element being made in the 
furnace. While the variation in silicon content was evidently not 
sufficient to cause a marked change in the average amount of com- 
bined carbon throughout the cross section of the castings, it is thought 
that this variation was large enough to affect the combined carbon 
in the surface layer. The phosphorus, as well as the silicon, contents 
of the strongly blistering iron, L», were increased in certain heats to 
correspond with the weakly blistering iron, R2. Also afew tests were 
carried out using fused sodium carbonate as a fluxing addition, but 
the results of these experiments did not indicate any marked improve- 
ment. 


TaBLE 13.—T'ests of iron Lz with and without additions of silicon (electric furnace 


melts) 
sre Standard enamel ratings at firing 
Composition periods shown in minutes 
Approxi- 
mate 
pi Tron pouring Carbon 
: tempera- 3 at 
ture Sit [3146] 5 1714] 10 1214) 15 [174 ant 
Total Graph-| Com- 8 
ite bined 
XO: Per Per Per | Per 
cent cent cent | cent 
Sg Luar eal dle lat 1400 Ne po | haran lites (930 ert el 4. hed Selo] vee 
273 (nna 0 OS pepe eet ee Bp S00 itl ba pay ac ape SF nope tN he pty a | Rap gaai 1 24) 4 5 5 | 4%) 5 3.9 
3-73 | Lo+14 per cent Si----| 1, 400 ors eb lee a NRE \3 aws%i4 | 5i4i5 | 3.9 
4-73 | Le+84 percent Si__--| 1, 400 13.49 | orld Bose pee \31 2/2 \34l4i5/3 | 33 
5-73 | Le-+1 per cent Si_-_-- 1, 400 cae Ae wusirrd oes hous awi2/3 13/3 | 44 29 
C= iota eee GO Mest se Sa 15230) See lee sce awe | et ete ae a8 2 |2 3 Sule 416 2.9 
| 


1 The amounts of silicon found by analysis did not increase correspondingly with the amounts added, 
because a portion of the silicon was burned away. 


4. SAND-BLASTING TESTS 


A study was made of blistering and nonblistering irons as to the 
nature of the surface layer and its relation to blistering. First, 
it was necessary to find whether the irons varied in resistance to sand 
blasting. A regulated sand-blast tester for study of abrasion resist- 
ance was used. This consisted of a nozzle five-sixteenths inch 
inside diameter, through which a given amount of Ottawa silica sand 
or steel grit was passed at an air pressure of 80 pounds. The abrasive 
impinged on a 3 by 8 inch specimen placed 3% inches from the 
nozzle, at an angle of 45° to the direction of the blast. The loss of 
~ weight of the specimen when blasted under these conditions was 
taken as a measure of the resistance to that type of abrasion. 


782 Bureau of Standards Journal of Research [Vol. 4 


Specimens of R, and Ly, as well as Le, softened by adding nickel, 
were tested. As shown in Table 14, the average loss of weight 
was in the direction to be expected; that is, the blistering iron, I, 
lost less than the nonblistering iron, R», but the individual tests did 
not differentiate the irons sharply. Other factors than the combined 
carbon of the iron must come in, since I, plus nickel, with only 
0.11 per cent combined carbon (see Table 12), was intermediate 
between L, without nickel and R». This method of testing produced 
sufficient abrasion to cut through the thin surface skin so that dif- 
ferences in hardness which might exist at the surfaces played only a 
small part in the final figure obtained. The test was repeated, by 
using successive portions of 600 ml (1,000 g) of sand and similarly 
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Fiaure 12.—Loss in weight of different irons when blasted with 
different abrasives 


Curves show the relation between the volume of abrasive passed through the orifice 
of sand-blast apparatus and the loss in weight of specimens. ‘The irons used were 
La, ie and Ra», 1-56. The abrasives used were standard Ottawa silica sand and No. 14 
steel grit. 


with 600 ml (2,260 g) of steel grit as the abrasive on plates from dif- 
ferent heats of irons L, and Ry. The results are plotted in Figure 12, 
and show that other heats of these irons fall in the same order as 
given in Tabie 14, when sand was used, but that the reverse was 
true when steel grit was used. 


TaBLE 14.—Loss in weight during sand-blasting 


Speci- | Loss in | 4Verase 


No. Iron men No.| weight bo AN 
1 i9 fs 
2-56 Re ae eee ee oe a eas { 3 2. 0 \ i 6 
SUBST Lapin, Senet eit AY VM i eourcis 
57 | Ls+0.5 per cent Ni____---- { + ae \ 12 
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This test does not appear to offer promise as a means of distinguish- 
ing blistering from nonblistering iron. The surface layer is evidently 
too thin to allow satisfactory evaluation of its resistance to abrasion 
by this means. 


5. STUDY OF BURNED-IN MOLDING SAND 


There appeared to be a possibility that the condition responsible 
for blistering might be a layer of burned-in sand grains which had 
not been removed by sand-blasting, although it seemed likely that 
such material would be inert. Hence, specimens of nonblistering 
iron were deeply sand-blasted at one end and the amount of sand- 
blasting was decreased sharply toward the other end, where burned- 
in sand grains could be readily detected with a binocular microscope. 
These burned-in sand grains did not produce any blisters when the 
specimens were enameled. 

In another test, molding sand was scattered over a deeply sand- 
blasted specimen and the enamel applied as usual. This specimen did 
not blister. Hence, adhering sand, in itself, does not appear to be 
a direct cause of blistering, though a burned-in layer would retard 
the removal of the outside layer of metal during sand-blasting. 

Striking confirmatory evidence of this was obtained with a plate of 
blistering iron L, which had a firmly adhering scale of burned-in 
sand. This plate was sand-blasted while held at an angle to the sand 
stream so that one end was sand-blasted just enough to be visibly 
free from adhering sand, but not enough to remove this ‘‘microchilled 
layer.” The blasting was progressively decreased as the other end 
was approached. A strip at the end was completely shielded from 
the blast. On enameling, the shielded strip was entirely free from 
blisters, although, of course, the adhesion of the enamel was not 
commercially satisfactory. The sand-blasted area showed progres- 
sively increasing blistering as the metal surface was more completely 
exposed. This test also gave conclusive evidence that blistering is 
due to a surface reaction and not to the freezing of ‘‘occluded”’ gas in 
the metal itself, since the portion which was not sand-blasted was as 
free to evolve such gas as that which was sand-blasted. 


6. COMPOSITION OF SURFACE LAYERS 


Since the surface layer involved is very thin and the surface of a 
casting is not perfectly smooth, any attempt to mill off the outside layer 
for chemical examination will result in contamination of it with under- 
lying material. However, a comparison of the results of chemical 
analysis of the surface and of the body of the casting would appear to 
give useful indications. Heat 2-55 of iron L, with an average blister- 
ing index (Table 9) of 4.5—that is, badly blistering—and heat 3-56 
of iron R» with an average index of 2.4 were compared. The data 
appear in Table 15. 
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TABLE 15.—Chemical composition of surface layer and interior of cast plates of 
trons Lz and Ro 


La heat No. 2-55 (badly | Ra heat No. 3-56 (weakly 


blistering) blistering) 
Comparison Comparison 
Elements layer (0.01 layer (0.01 


Outside inch thick) Outside inch thick) 
layer 0.003 | several hun- | layer 0.003 | several hun- 
inch thick | dredths inch | inch thick | dredths inch 


beneath the beneath the 
surface surface 
TTatalhO cs Roy See eee PE ee ee Pari 3. 54 2. 84 aa L 
Combined Cie pet bae aki Sd oe ea ea ee ee - 45 34 42 27 
Grapnitie CO yee rate. LOE ae we poses Opes eee 2. 26 3. 20 2. 42 3. 04 
Mianganesel lice: RA Lec Moe beLs | £e bee | pee . 61 73 45 61 
PHOSPHOKUS Sar Se et ee pete ee eee . 435 500 605 835 
DUD WUE ence ee eee eee ae ee oe eee renienen Cae 044 . 037 031 022 
BUCO set Aer eae aie Sa ee SN ee gt eee oe 42 . 63 233 2. 46 
NG CPOQON sop Seis ee oe ote see Meet tee ee heer ie oe 0033 <. 0005 0015 <. 0005 
Totals oo 2 Wet RAW Ao ee Se ee, Ee oe 6. 22 7.44 6. 26 7. 24 
Tron by; differences: <S2. 2s. tere hye ae gt 2 eee 93. 78 92. 56 93. 74 92. 76 


It is seen that in both cases there is at the surface less total carbon 
manganese, phosphorus, and silicon, but more combined carbon and 
sulphur; that is, the surface skin seems to be higher in iron than the 
interior, which segregation is to be expected. 

The increase in combined carbon appears especially significant, since 
that will obviously accompany the presence of a hard surtace layer, 
which is difficult to remove by sand-blasting. There seems, there- 
fore, to be a ‘‘microchilled”’ surface layer (micro refers here to the 
thickness of the chilled layer), which is apparently not necessarily 
controlled by the propensity of the iron to chill in the ordinary sense 
of giving a visibly thick layer of white iron on rapid cooling, and which 
may be different in its nature from an ordinary chilled layer. 


7. MICROSCOPIC EXAMINATION OF ‘‘MICROCHILLED’”’ LAYER 


The difference in composition at the extreme surface is probably 
ereater than is shown by the chemical analysis, since in machining off 
the surface layer, thin as it was, doubtless some material more nearly 
approaching the body of the casting in composition was included. 
The microstructure of the surface of iron R,, heat 3-56 (fig. 13D), 
indicates it to contain much less combined carbon than the surface of 
iron Ly, heat 2-55 (fig. 14D). The surface of the best heat (4-55) of 
iron L, (fig. 15) appears to be more completely broken up into ferrite 
and graphite than is the case of heat 2-55. 


8. EFFECT OF NITROGEN 


The higher nitrogen content (Table 15) of the thin surface layer 
than that of the interior calls for attention, especially as the strongly 
blistering iron shows double the amount of nitrogen in the surface 
that the weakly blistering one does. The nitrogen might play a part 
in two. different ways. If it is present as iron nitride, which decom- 
poses at or below enameling temperatures (10), it constitutes a pos- 
sible source of gas bubbles. If, on the other hand, it is present as 
chromium or titanium nitrides, these might decompose slightly at 
enameling temperatures, but the greater part of the nitrogen would 
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FIGuRE 13.—Cross section of surface layer. Iron 
Ro; heat 3-56 


Drag side, composition shown in Table 15. (Surface of specimens 
at top of these and all following micrographs. Specimens not 
enameled were nickel and copper plated before sectioning.) 
A, polished, X 100; B, polished. X 500, 
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FiGurRE 13.—Cross section of surface layer. Iron R2; heat 3-56— 
Continued 


C, etched in 5 per cent picric acid. X 100; D, etched in 5 per cent picric acid. 
x 500. 
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be retained and tend to form a hard skin as in the case of special steels 
containing aluminum and chromium, heated in an atmosphere of 
ammonia (11). 

That nitrides probably play no direct part in the formation of 
blisters was indicated by the following test: Half of the drag side 
of strips 6 by % by %sinches of R, iron, heat 3-56, were lightly machined 
and both drag and cope sides were given the standard sand-blasting. 
These strips then were heated to 500° C (930° F.) in a stream of am- 
monia for periods of 1, 2, and 5 hours according to the usual method 
employed in forming nitride coatings. The nitrided strips were then 
very lightly sand-blasted and the cope side of each strip machined 
off to give a sample for chemical analyses for nitrogen, the layer re- 
moved being 0.003 inch thick. Analysis showed the nitrogen con- 
tent of the surface layer of the three to be 0.05, 0.08, and 1.0 per cent, 
respectively. On enameling these specimens on the drag side, in the 
usual fashion, there was no sign of blisters either on the machined 
area or on the nonmachined area though both contained nitrogen in 
far higher proportions than that found on the surface layer of the 
blistering iron. 

That it is comparatively easy to produce a nitride skin on ordinary 
cast iron is probably not well known. Osterman (11), however, has 
mentioned the commercial nitriding of cast iron for water pumps. 
Wheeler (11) found that washed metal (almost pure iron-carbon alloy 
of 3.65 per cent carbon) was hardly affected on heating in ammonia 
gas while a white cast iron of 2.15 per cent carbon, 0.33 per cent silicon, 
0.12 per cent manganese, 0.20 per cent phosphorus, 0.21 per cent sul- 
phur, readily formed a nonadherent surface layer containing almost 
pure iron nitride, beneath which the metal was somewhat decarburized. 

There is some evidence that the minute amount of nitrogen in- 
troduced in melting steel, and presumably in cast iron, may be more 
stable than the nitride formed on the surface by heating i in ammonia 
gas, and, hence, might decompose at a different temperature, perhaps 
just a temperature at which the gas would be caught in the enamel, 
so the test may not entirely exclude the possibility that nitrogen 
causes blistering. 


9. SPECTROSCOPIC EXAMINATION 


There is a possibility that traces of elements that would form hard 
nitrides might play a part in the formation of a hard skin. Spec- 
troscopic analysis of the strongly blistering iron, L;, and the weakly 
blistering iron, Ri, made early in the investigation, showed nickel to 
be absent, but titanium, vanadium, chromium, traces of aluminum, 
and, of course, copper to be present in addition to the elements 
usually reported in chemical analysis of cast iron. Chemical analysis 
for these elements and for total oxygen and hydrogen gave the results 
shown in Table 16. 


TABLE 16.—Content of elements not ordinarily determined in cast tron 


. Designation ; 
af thats Character Cu Ti Cr V Al O H 
Per cent|Per cent\Per cent|Per cent| Per cent) Per cent|Per cent 
Dp 2S! Strongly blistering_.._.....--- 0. 07 0.08 |. 0.025 . 03 ) 0. 0. 0007 
Biss & - Weakly blistering_.-..._-.__-- . 03 15 .010 . 025 (1) . 0005 


1 Less than 0.005 per cent. 
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Since copper is present in all pig iron and is not a carbide or nitride 
forming element, it can hardly be suspected of having anything to do 
with blistering. Vanadium and aluminum are essentially identical 
in the two irons. Titanium, a nitride-forming element, might be 
suspected, but the fact that the strongly blistering iron contains only 
half as much as the weakly blistering one seems to remove titanium 
from suspicion. 

Gilmore (12) points out that aluminum and titanium act like 
silicon in favoring the softening of iron by the precipitation of graph- 
ite, and states that both vanadium and chromium assist carbon in 
remaining in the combined form, one-quarter of 1 per cent of chromium 
holding 0.80 per cent carbon in the combined form after a malle- 


ableizing anneal. 
10. EFFECT OF CHROMIUM 


Chromium was present in the strongly blistering iron, Iy, in appre- 
ciably larger amount than in the weakly blistering, Rj. 

Since small amounts of chromium are known to increase the chill 
on cast iron (13, 14} and to interfere considerably with the malle- 
ableizing anneal of malleable cast iron, by tending to retain the 
carbon in the combined form, there is a possibility that even this 
slight difference in chromium content might favor the formation or 
retention of a surface layer higher in combined carbon, hence, harder 
and more difficult to remove in sand blasting. 

To examine further the hypothesis that the chromium content 
might have a connection with the propensity toward blistering, the 
irons used in the latter part of the investigation were analyzed for 
chromium, with the results shown in Table 17. 


TaBLE 17.—Enamel ratings of trons with different chromium contents 


Enamel 
Iron Heat No. | Chromium rating 
(Table 9) 
Per cent 
9 ae oe. ee ee ee ie See ee ae eee. eae cee ee ee Eee 1-55 0. 04 4.8 
oh eee ee ei tease aR Al be BO fr Ret Sem aie oi VENT CC ote | 4-55 - 04 3.1 
a eek SEU Lo ad De re eles ale ae ga ip eae ats ok gle fn PN le ge gl 4-56 . 04 She 
DSAe TR t Rad  E SI R cESE A Ds Saale | neg upg 5 ag cin orks lf ep seh ede afl We ote ana 2-56 . 03 2.4 
Southern Charcog] 12 ieee Any Seva We ec fy rete es RAT es ee eee ee 42 03 0 
Southerniy eres Tere hee aes 2 oe ees Pee as Ny 8 Sey re meek Ts Oe 41 10 1) 


1 Ratings not comparable, since irons were tested only at the bureau. 


It will be noted that the strongly blistering iron, L,:, and the worse 
heat (4-56) of the weekly blistering iron, R:, contain slightly more 
chromium than the better heat (2-56) of R.. While the difference is 
very slight, it is m the direction of damage due to chromium. 

Although the enamel rating obtained with southern iron is not 
comparable to the other ratings, there is little doubt that it has as 
little blistering tendency as any iron studied. Yet it contains much 
more chromium than any of the others, so that the mere presence of 
chromium can not be taken as the sole cause for blistering. This 
can not be regarded as entirely eliminating chromium from consid- 
eration, because the formation of the microchilled layer is very evi- 
dently a matter of delicate balance and the effect of chromium in 
irons of different composition as to other elements may not be the > 
same. 
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Figure 14.—Cross section of surface layer. Iron Le; heat 2-55 


Drag side, composition shown in Table 15. A, polished. X 100; B, polished. X 500. 
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FiIGuRE 14.—Cross section of surface layer. Lron Lz; heat 2-55— 
Continued 


C, etched in 5per cent picric acid. X 100; D, etched in 5 per cent picric acid. X 500. 
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Figure 15.—Cross section of surface layer. Iron Ly; heat 4-55 


Drag side; this heat was less strongly blistering than the companion heats (1-55, 2-55, 
and 3-55) of iron Zz, A, polished. X 100; B, etched in picric acid. X 100. 


B. S. Journal of Research, RP179 


Figure 16.—Cross section of enamel and surface layer of tron. 
Southern tron; heat 41 
Polished. > 100. Note interconnected channels in the enamel. No blisters were 


observed on this specimen. Ground coat fired 10 minutes at 875° C. (1,605° F.) 
and cover coat 8 minutes at 800° C. (1,470° F.). 
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In order to study the chromium problem more thoroughly, an ex- 
periment was made to see whether addition of chromium to the weakly 
blistering northern iron, R», increased its propensity to blister. As 
may be seen from Table 18, a noticeable increase in blistering accom- 
panied the addition of 0. 03 per cent chromium, but the larger addi- 
tions (0.05 per cent and 0.10 per cent) showed no effect. 


TABLE 18.—Enameling tests of trons Ry and Ly without and with additions of 
chromium (electric furnace melts) 


.| Standard enamel ratings at firing time shown in 
ij minutes 


Approxi 

Plate mate 
No. Trons pouring 
tempera 


ture | 341 56 | 7% | 10 | 12%! 15 | 17% yee 


a fh! ff A | ec | cee | mene fe ff 


SC. 

PLE G8 ect Se ac tee ae ae ee oe ee ee a at 1, 400 4 1 2 2 3 2 244; 2.4 
2-71 Robo. US DOE Cell; Clete a. eu eee 1, 400 4 24% 4 3 3 4 24; 3.3 
3-71 | Reo+0.05 per cent Cr________.-------- 1, 400 4 1 1 2 244) 3 3 2.4 
4-714) ts-1-OLb per cent: Cries fee eases 1, 400 3%) 1 2 2 3 244; 3 2.4 
Be Zale eae ee ee ee ee 1, 390 3 2 3 2 3 3 3 2.7 
G77 [eee (CLO ee hn aes see es Ree 1, 250 4 244, 2 3%; 384) 24 2 2.9 
gh) AU la ene De Ri Rg dB Sea ed 1, 400 24; 2% 24 5 5 5 5 4.0 
2-72 ee 03 pen cent Ore ee ee 1, 400 3 24; 2 45 5 iy 5 4.0 
3-72 | Le+0.05 per cent Cr________.--_____- 1, 400 3 24%; 2%) 4 5 5 5 3.9 
4-72 | Le+0.1 per cent Cr_____________-__-- 1, 400 3 24% 2 6 5 5 5 4.0 
5-72 | Le tapped from furnace 14 minutes 

after 1-72 was tapped-_-___.__----_-- 1, 400 244, 2 24) 5 5 5 5 3.9 
6-72 | Le tapped from furnace 20 minutes 

after tapping of 5-72_...___/.._.___- 1, 320 34%; 26%) 5 444) 44! 5 5 4.3 


Similar experiments were carried out with additions of chromium 
on the blistering iron L, with the purpose of stabilizing combined 
carbon in the surface layer of those castings. As is shown in Table 18 
and aoe tne 11%, chromium, in the quantities used, had practically 
no elfect 


VII. ERRATIC BEHAVIOR OF PIG IRON 


The erratic behavior of iron containing small amounts of chromium, 
commented on above, reminds one that many cases are known in which 
inexplicable differences are found in the behavior of different lots or 
heats of cast iron that do not differ materially in composition as 
determined by ordinary chemical analysis (15, 16, 17). Sometimes 
this can be explained on the basis of a delicate balance among ele- 
ments (18, 19). 

Piwowarsky (18) finds that the combined carbon content of gray 
iron castings is affected by the temperature and duration of super- 
heating of the melt. These factors also produce variations in the 
number and size of graphite nuclei upon which graphite will be 
precipitated on freezing. 


VUI. STUDY OF GASES AND GAS-FORMING ELEMENTS 
1. OXYGEN 


In work by Herty and Gaines (29), of the Bureau of Mines, it has 
been found that pig iron tapped after a blast furnace “slip” may 
contain an excessive amount of suspended silica or silicates in a very 
fine state of subdivision, and that these, being difficult to reduce or 
flux out in steel making, give inferior steel. 
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It does not, however, appear likely that the presence or absence of 
such inclusions is directly responsible for the difference between 
blistering and nonblistering irons. If the suspended particles are not 
reduced by the carbon of the iron while it is molten, it is not likely that 
they will be reduced by it in the solid metal when heated only to 
enameling temperatures. Hence, the evolution of CO from within the 
metal itself by reaction of inclusions during enameling is not a plau- 
sible explanation for blisters. Moreover, the vacuum-fusion method 
for total oxygen determines the oxygen of silica and silicates, hence 
will reflect the amount of inclusions present. As shown in Table 16, 
however, very little drfference was found in the oxygen content of the 
two irons, the blistering iron containing even slightly less oxygen than 
the nonblistering one. 

2. HYDROGEN 


The difference in the hydrogen content of the two irons is within 
the precision of the analytical method, and since the amounts are so 
nearly the same, no indication is given that hydrogen is a factor. 


3. SULPHUR 


There is also a possibility that the gas might come from the oxida- 
tion of manganese sulphide or iron sulphide at the surface of the 
metal. ‘T’o examine this hypothesis, sulphur determinations were 
made on the surface layer (0.003 inch thick) milled off of specimens of 
the strongly blistering iron, Li heat 2-55, after the usual sand blasting, 
and of other specimens of the same heat that had been put through 
the heating cycles of the enameling process under oxidizing conditions ° 
but without enamel. These cycles consisted of heating in air 12\ 
minutes at 875° C. (1,605° F.), cooling in air and again heating in 
air 8 minutes at 800° C. (1,470° F.). The amount of sulphur was not 
changed, being 0.050 per cent in each case, and this indicated that 
there is no preferential oxidation of sulphur and that the blister 
forming gas is probably not SOs. 


4. GAS IN BLISTERS 


If the composition of the gas in the blisters could be determined, 
one would have a very useful clue as to their source. On piercing 
the blisters of an enameled specimen under water, collecting and 
analyzing the gas, it was found to be air. Microscopic examination 
of the cross sections of enamel coatings (fig. 16) indicated that many 
of the internal bubbles were connected by channels with each other 
and frequently with the air, so that whatever the original gas they 
contained during the process of blistering, it may escape and be 
replaced by air. Hence, it was necessary to collect the gas formed 
in the act of blistering. 

First of all a determination of whether the enamel alone and the 
iron alone evolve gas on heating was necessary. 

That gas is evolved from the enamel alone is shown by the fact 
that the ground and cover coats used in the standard enameling 
procedure (including the clay used) dried as in the enameling proc- 
ess, exposed to the air for 42 hours, dried again at 100° C. for 1 hour 
and finally heated to 500° C. for 12 minutes, lost weight as follows: 


Krynitsky 
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Total loss in weight 
up to— 


100° C, 500° C. 


Per cent Per cent 
COVOUNG CONDes see te eaten) ee ene erent L kesh en an an oo enna shee tweno eas 0. 53 2.2 
COVSICOAt =a Ci ie eee san to ea weeme et anes nee ton Sa dst oaie Jove Behe. . 07 . 62 


Presumably the greater part of the loss at 500° C. (930° F.) 
represents water of constitution of the clay, or at least firmiy 
adsorbed moisture. 

The ground coat and the clay used in it were then tested at enamel- 
ing temperatures. The ground coat slip (containing 15 per cent 
clay on a dry basis) after first drying for an hour at 130° to 140° C. 
(265° to 285° F.) followed by heating at 830° C. (1,525° F.) for 
eight minutes, gave off 0.10 per cent of CO,. The clay alone gave 
off, beside an undetermined amount of moisture, 0.43 per cent COs. 
Good agreement in both figures was obtained in duplicate determina- 
tions. Hence, the ground coat slip gives off 0.06 per cent CO. due 
to the clay and 0.04 per cent CO, due to the frit itself. This amount 
of oxidized carbon, however, is of little importance as compared with 
amounts of similar gases from other sources, as will be shown later, 


5. GAS AND IRON ALONE HEATED IN NITROGEN 


There were then selected for the subsequent tests, specimens of 
iron varying in their tendency toward blistering, as follows: 


Average 


Iron Heat | blistering 

index ! 

Lig A = Relate pen ae ee 1-55 4,8 

Diqvera 20 he ame 2-55 4.5 

Pig meen er ee eee I 4-55 Sill 

do 0 al Pre mette A Pa ON A er roe 2-56 2.4 

Soulhneriee = esos aoe 41 (1. 8) 

1 See Table 9. 


The average rating (1.8) of southern iron, heat 41 (poured at 
1,400° C. (2,550° F.)) was obtained from tests made at the bureau 
only, hence, is not comparable with other averages which include re- 
sults obtained in several laboratories. The first four specimens are 
northern irons. It is to be noted that iron L,, 4-55, is much less 
blistering than the other heats of L,-55. 

The total surface area of each sample (both sides and all edges) was 
about 5 square inches, and each weighed about 50 g. These samples 
were sand-blasted in a manner corresponding to the usual method of 
preparation for enameling, placed in a furnace through which the 
desired gas was passing, and heated. Any CO, and CO formed were 
collected in an analytical train and determined gravimetrically. In 
the first series, after drying for an hour at 150° C. (800° F.), the speci- 
mens were heated for 15 minutes in a stream of oxygen-free nitrogen 
at 875° C. (1,605° F.). The results are given in Table 19, | 
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TaBLe 19.—Weight of evolved gases from iron specimens heated in oxygen-free 
nilrogen 


Weight in grams of evolved gases per specimen 


CO2 


Tron Heat equivalent 

CO, CO He of total 

oxidized 

carbon 
Digs ea SO ee ek ee ee 1-55 0. 0040 0. 0032 Nil 0.009 
| oe eee ote OS a PARE E RARE Opes Cs Dw NSS 2-55 00 . 0029 Nil 007 
Lg SPS. AAT CTR a OS OE SR Ere ee Se 4-55 0029 . 0035 Nil 008 
Rad V Cpt ee ee Be Se SE ad, SS eee eee SA, 2-56 0032 - 00385 0. 0001 009 
0058 . 0056 0001 015 
Southern - ieee Se hee ae Fie ee ee Be ee 41 0024 22 eee ea Ene ASN Pee Be 
0055 JO0G 26h Beascg ce 28 sila gil foe te Ep 


Although the nitrogen was treated to remove the bulk of any oxy- 
gen present, the specimens after heating were darkened slightly, 
southern iron 41 being the darkest. The uniformity of the amount 
of equivalent CO, from the L, and R, specimens indicates that the 
test does not differentiate between strongly and weakly blistering 
irons, and probably reflected merely the amount of air adsorbed on 
the metal surface or that entering the nitrogen-filled tube when the 
specimen is inserted, or possible traces of oxygen remaining in the 
nitrogen. 

6. GAS FROM IRON ALONE HEATED IN AIR 


In the next series of tests the specimens were heated in CO,-free air 
instead of in nitrogen. The specimens dried as before, were heated 
for 15 minutes at 875° C. (1,605° F.). While the carbon of the cast 
iron may burn to CO at the surface, the CO will, under the test con- 
ditions, be burned almost entirely to CO, only traces of CO being col- 
lected in the analytical train. These traces were calculated as the 
equivalent CO,. The complete results are given in Table 20. 


TaBLe 20.—Weight of total CO, and Hy» evolved from iron specimens heated in 
CO,-free air 


pt ie 

alent of to- : 

Iron Heat tal oxidized Weight He 

carbon 
g 

1 OF, Yipee eerie a ane See Ne SRI UUL ey ay leat nes SLI RANE teh A ca eee fede 1-55 0. 022 0. 0001 
Weigh 2ae 2 AA EYE | COE Ne es OA OETA A Be ee 2-55 . 013 0001 
0. peep PEM 2, oe ty See SEs ee ee, ee, ee ee MOR See oe 4-55 . 008 0001 
14 plead etl cl tk Lael ce Aida, 2 a pO an Ay yt Uae et AE ag VA FO WINE els 2-56 . 010 . 0001 


Southern. 2c he 2 Or i te PENIS) OV OE Ce. Ae oe 41 . O17 . 0001 


Under the above conditions of heating, the most strongly blistering 
castings produced the most CO,, although the weakly blistering south- 
ern iron produced nearly as large an amount of CO, as one of the 
strongly blistering irons. The appearance of the oxidized surface, 
however, did show a consistent relation to the blistering tendency. 
The specimens of the 1-55 and 2-55 heats of iron L, had a decidedly 
rough surface. Heat 4—55 of Ly, which was a good example of weakly 
blistering iron, was decidedly smoother and had the same appearance 
as the specimen of iron R, heat 2-56. The southern iron was still 
smoother, having a velvety appearance. In neither of the above two 
series of tests was there a certainly detectable amount of hydrogen 
evolved, 
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7. GAS FROM ENAMEL-COATED IRONS HEATED IN NITROGEN 


In a third series of gas-evolution tests, the iron specimens were 
coated on all sides with the standard ground coat, about 0.9 g of wet 
ground coat being applied. The specimens were dried at 80° to 90° 
C. for 40 minutes. They were then inserted into the hot furnace 
tube through which oxygen-free nitrogen was passing, and heated at 
875° C. (1,605° F.) for 20 minutes. ‘The firing time was longer than 
in the regular enameling tests because of the smaller heat capacity of 
the furnace as compared with furnaces for regular enameling. Speci- 
mens coated on one side only and fired for a shorter period in prelimi- 
nary tests had the appearance of being underfired. 

Since the ground coat contained clay with water of constitution, 
the gas passing from the tube was scrubbed free from water vapor by 
a drying tower. The equivalent of the total oxidized carbon evolved 
is shown in Table 21. All figures are averages of two closely agreeing 
determinations. 


TaBLe 21.—Gas evolved from cast-iron specimens coated with ground enamel and 
heated in nitrogen 


ae equiv- 
alent of to- 
Tron Heat fal oxiduiad Weight Ha 
carbon ! 
g g 
DB lo he aR At pk Meg OS Ek ES DR or ese ape eaten) al Peteel eis ii eam ee 1-55 0. 008 Nil 
Lies 5 5 haath lag gh Pye ag ye SGA Sng ARAN spin dah A tagetetiad e A nl Ae 2-55 . 008 Nil 
a ORE OS Mie SUC eS SA en a eh eS gene An) ee A eine Eg ed ee ae 4-55 . 006 Nil 
i ga as 0 Nbr ae ODA SEL Rs i CAE REE Be pal Oe ee TS RP Rey 2 MEE Bc ha ee aa alee 2-56 . 006 Nil 
Southern ARR Mee eh Sh © Uk yeh NE) Sates 2 SEOUL Ng IS A ee 2 a Se 41 . 007 0. 0001 


1 Of this CO2 only 0.0005 g was in all cases due to the ground coat alone. 


It would be assumed that much of the air adsorbed on the surface 
of the iron specimens before spraying with ground coat would be 
displaced by the water of the ground coat, but the dry ground coat 
would presumably adsorb air. It is not possible, therefore, to tell 
whether the oxygen of the CO. comes from adsorbed air, air admitted 
in inserting the specimens into the tube, or from oxidation of the lead 
oxide of the ground coat. By comparing the four heats of northern 
irons it might appear that the more strongly blistering ones have 
the carbon at their surfaces in more readily oxidizable form, but¢he 
southern iron is out of line with this explanation. 

The surface appearance of the specimens was again very character- 
istic, each pair of duplicate specimens agreeing closely in appearance. 
The specimens of iron Ly heats 1-55 and 2-55 (the most strongly 
blistering ones) had the ground coat in very rough, pebbly form. 
Heats Ly, 4-55 and Ro, 2-56 (weakly blistering) had the coat in less 
rough form, while the weakly blistering southern iron was very 
smoothly and evenly coated. The machined edges of all the speci- 
mens were smoothly and uniformly coated with a glossy coat. The 
appearance of the specimens is shown in Figure 17. The difference 
in surface roughness is more likely an effect of some condition leading 
to blistering rather than the cause, since it will be recalled that remov- 
ing the surface of “blistering” iron by pickling was as efficacious as 
machining, though the pickled surface was extremely rough and the 
machined surface smooth. 
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3. GAS FROM IRON AND ENAMEL HEATED IN AIR 


In the fourth series of gas evolution tests the iron specimens, 
coated with ground coat enamel and dried as in the preceding series, 
were heated in CO,-free air for 20 minutes at 875° C. (1,605° F.). 
The CO, equivalents of the total oxidized carbon in this series were 
less for all the irons than in the series of uncoated irons heated in 
air but remained in the same relative order as in the earlier series in 
air. (See Table 22.) : 


TABLE 22.—Gas evolved from cast-iron specimens coated with ground enamel and 
heated in air 


Ren equiv- 

Iron Heat iy ig | Weight He 
carbon 
g 

i Dy, IN A cae ara ate SLI Et RM Pe AR aaa A aR Ro EON 2 Ye a pall ul wari 1-55 0. 012 0. 0001 

Dp Pe RAS) ee Bg ie So aA 2 SE ee he re ee ee 2-55 O11 
AP gue NRO SO EEE: AAPRAB EI fy kr eed SS RON AE a A eee | Ore: 4-55 . 009 Nil. 
Rag Coe BIS Ee cs eS EC See Se ee tee ete 2-56 . 010 Nil. 
Southern’ (0 et se ae a a Ee Se PE ee oe eee eee 4] O11 Nil. 


The specimens from the series given in Table 22 were then coated 
with the standard cover coat enamel in amounts equivalent to 23 g 
per 18 square inches of surface, dried, and then heated as before in the 
tube furnace. This heating was for 12 minutes at 800° C. (1,470° F.). 
Very small amounts of oxidized carbon were evolved during this 
heating and in quite the same amounts from all specimens as shown 
in Table 23. 


TABLE 23.—Gas evolved in firing cover caat 


leet aet 
ent of to 
Iron Heat oxidiz 
carbon 
g 
Np RATT te Aas Tt 1-55 0. 003 
Pig eae 2-55 . 004 
Pyke on einen 2 eas 4-65 . 004 
ESP Pea a ee a a On oi 2h 2-56 . 005 
Southern). 2s Al . 004 


9. RATE OF CARBON OXIDATION 


The data obtained in all of the preceding tests indicate that carbon 
oxidized from the surface of the iron specimens is the chief source of 
the gas evolved during the firing of ground-coat enamels of cast iron. 
There is little or no evidence that either moisture or the oxide con- 
stituents of the enamel take an appreciable part in this oxidation of 
carbon from the surface of the iron. Oxygen of the air present in the 
enameling furnace appears to be the oxidizing agent. 

The foregoing experiments on gas evolution have referred only to 
the total amount of gas evolved during the firing period. It 1s appar- 
ent, however, that any rapid and large evolution of gas from a speci- 
men in the early stages of burning on an enamel coat should have very 
little effect in forming blisters in the enamel. It is only after the 
enamel coat has been fused over and completely covers the surface of 
the iron that gas evolution will cause blisters. More probably, only 
the gas evolution which continues well toward the close of the firing 
period produces blisters which are not healed by the fused enamel. 
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Figure 19.—IIlustrating agglomeration of graphite particles upon 
enameling. Iron R2; heat 43 


Polished. 100. A, drag side edge of cross section before enameling; B, specimen 
enameled: Ground coat fired 3 minutes at 875° C. (1,605° F.); cover coat 8 min- 
utes at 800° C. (1,470° F.). No blisters were observed; C, specimen enameled: 
Ground coat fired 10 minutes at 875° C. (1,605° F.); cover coat 8 minutes at 
800° C. (1,470° F.). No blisters were observed. 
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FicurE 20.—Cross section of surface of blistering tron, before and 
after enameling. Iron Lz; heat 50 


A, polished. X 100. Drag side of cross section before enameling; B, polished. X 
100; C, polished.  X 500; specimen thickly blistered. Ground coat fired 10 minutes 
at 875° C, (1,605° F.); cover coat 8 minutes at 800° C. (1,470° F.). 
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in order to throw light on the relative rates of gas evolution (that 
is, carbon oxidation) from irons at the various stages of the enamel 
firing period, the following experiment was made: Strips of the typical 
strongly blistering iron, “1-55, and of the three weakly blistering 
irons, 2-56, 4-55, and southern 41, were cleaned by the usual sand- 
blast procedure, sprayed with the standard ground-coat enamel, 
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FicurE 18.—Weight of evolved CO-+-CO:, (calculated to CO) plotted against 
firing periads 


All specimeys completely coated with ground coat and fired at 875° C. (1,605° F.) in COrfree 
atmosphere. Bach point represents one specimen and the correspanding analytical determination. 
Le, 1-55, is a strongly Shearing type of iron, while all of the others (including Le, 1-55, machined) are 
weakly ‘blistering ones. 
dried and fired for varying periods of time up to a total of 20 minutes. 
The evolved oxides of carbon were determined in the manner pre- 
viously described. The results are given in Table 24 and in Figure 18. 
From this figure, it is evident that the amount of carbon oxidized 
and the rate of oxidation were nearly the same for all the weakly 
blistering irons and for the two series of tests with L»., 1-55 (the 
strongly blistering iron) up to a firing time of about 8 to i0 minutes. 
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At the 8 to 10 minute firing period, however, the rate of carbon 
oxidation fell off very noticeably with ali three * of the weakly blister- 
ing irons and there was almost no evolution of gas (oxidized carbon) 
from these irons from 10 or 12 minutes to the 20-minute limit of the 
firing periods of this test. Gas evolution practically ceased over that 
portion of the enamel firing period during which it would naturally 
be expected to cause blistering. 

Of course, the whole cycle might be completed in a much shorter 
time in a furnace of oreater heat capacity. Furthermore, it should 
be borne in mind that the first part of this period corresponds approxi- 
mately to firing the ground coat, and the latter part to the additional 
heating that is necessary in firing the cover coat. It is during the 
latter part of this second period that it is important for gas evolution 
to be kept at a minimum. The two curves for the duplicate experi- 
ments with iron L»,, 1-55, the badly blistering iron, show no decrease 
in rate of carbon oxidation at the point where the curves for the 
weakly blistering irons flatten out, but indicate a continuing evolution 
of oxidized carbon practically to the end of the firing period used. 
Whether or not the curves flatten out here is not certain in the absence 
of additional points beyond the 20-minute firing period. The question 
arose as to whether the curves, which flatten out at the 8 to 10 minute 
period, might begin to rise again if heating were continued, as, for 
instance, in the application of three or more coats of enamel. While 
the tests (fig. 18) were not carried beyond 20 minutes in any case, the 
fact that blisters seldom occur on reenameling castings, which may 
have blistered in the first enameling, seems to indicate that such a 
secondary rise in the gas-evolution curve, if it does take place, does 
not begin soon enough to give trouble in practical enameling. 

The above data on the rate of carbon oxidation from the surface 
of enamel-coated cast-iron specimens all relate to iron cleaned by 
the normal! sand-blast procedure. It will be recalled that machining 
a 0.003-inch layer from the surface of a strongly blistering iron 
strikingly reduced the tendency to blister. 

If the cessation of oxidation of carbon relatively early in the 
firing period is the controlling characteristic of nonblistering irons, 
as is indicated by the curves for sand-blast cleaned irons in Figure 18, 
then a blistering iron, from the surface of which a 0.003-inch layer 
has been machined, might be expected to behave similarly. Speci- 
mens of Ls, 1-55, and Re, 2-56, were machined in this way, lightly 
sand-blasted, and then treated exactly as the regularly sand-blasted 
specimens of the same irons had been treated, to determine the rate 
of carbon oxidation. The data on CQ, evolution from the machined 
specimens are given in Table 24 and are plotted in Figure 18. 

These curves show that machining off the surface of iron Re, 
2-56, had no influence on the rate of carbon oxidation from its surface 
nor on the point at which oxidation of carbon ceases. Machining 
off the surface of L,, 1-55, however, noticeably increased the rate 
of carbon oxidation during the first 8 minutes of the firing period, 
but at the 8 to 10 minute point the evolution of oxidized carbon 
practically ceased. 


? A curve for southern iron 41 has not been drawn in Figure 18, since for that iron only one value for CO2 
evolution was obtained between the 4-minute and the 16-minute firing periods. The points for this iron 
are given in the figure and indicate that the curve for this iron would not differ greatly from those for the 
other weakly blistering irons. 
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10. CORRELATION OF GAS EVOLUTION DATA WITH PREVIOUS DATA 


It was found possible to distinguish between strongly blistering 
and weakly blistering irons on the basis of the breadth of the range 
of firing periods within which enameling could be accomplished with 
relative freedom from blisters. If an iron has a sufficiently strong 
blistering tendency, this range will be so narrow that it is virtually 
nonexistent, as in the case of iron Ly, 1-55 (Table ie An1 iron having 
a somewhat weaker blistering tendency, as L,, 3-55, in the same 
table, gave much better results at 7%, and even at 10 minutes of 
Se the ground coat, than at the longer periods, while with iron 
R., 2-56, the range was so broad that the results were still moderately 
eood at the 15 to 17% minute periods. In all cases, however, the 
average results at 3 minutes were unsatisfactory. The question 
arises as to just how these facts fit in with the foregoing data on gas 
evolution. 

In the first place, it is obvious that the amount of blistering will 
be controlled by the rate of gas evolution during that part of the 
firing process in which the cover coat is able to entrap the evolved 
gas; that is, after it has begun to fuse. With this fact in mind, it 
can be readily seen that when the firing period of the ground coat is 
very short, then (fig. 18) blisters should be expected to appear on 
even the best irons studied, since the cover coat will be fired while 
gas is still being evolved just as rapidly as from a strongly blistering 
iron. 

In the case of the specimens which are fired longer, there are three 
factors to take into consideration. One is, of course, the steepness 
of the gas-evolution curve during the critical period; another is the 
degree of permeability of the ground coat, which increases as the 
firing period increases, and the third is the time-lag factor which 
influences the actual progress of the gas bubbles through the com- 
paratively thick cover coat. 

With any specific firing treatment, the number and character 
of blisters will depend upon the rate of gas evolution during the 
critical part of the firing period. An iron in which this rate is inter- 
mediate will give comparatively good results within a narrow range 
at the shorter firing periods because the comparative impermeability 
of the ground coat and the time necessary for the evolved gas to work 
its way through the cover coat combine to delay the actual appear- 
ance of blisters at the surface of the specimen. If the ground coat is 
fired longer on an exactly similar specimen, it will not be impermeable 
enough to prevent the appearance of blisters during the firing of the 
cover coat. This explanation would be applicable to iron Ly, 3-55 
(Table 9). 

An iron in which the gas evolution is sufficiently copious during the 
critical period will give numerous blisters even at the most favorable 
firing period, although the effect of the lower permeability of the 
eround coat at this period is appreciable. Iron L,, 1-55, typifies this 
case (Table 9). 

f gas evolution has practically ceased before the cover coat is 
fired, the added permeability of the ground coat at the longer firing 
periods has but little effect, though its overfired condition may be 
partially responsible for such blisters as do appear. Such an iron 
may be said to have a broad firing range. This case is typified by 
iron Rz, 2-56 (Table 9). 
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Figure 21.—Etched cross section of surface of same iron shown 
(polished) in Figure 20 


Etched in 2 per cent HNO3. X 500; A and B taken after enameling. 
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FIGURE 22.—Cross sections at surface and inter 
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Figure 22.—Cross sections at service and interior of blistering iron 
before and after enameling. Iron Ly; heat 16—Continued 
After enameling. Etched in 5 per cent picric acid. X 100; C, part of cross section 
adjacent to enamel; D, central part of cross section. A number of blisters were 

Ground coat fired 8 minutes at 870° C. (1,600° F.) 


observed on this specimen. 
and cover coat 7 minutes at 840° C. (1,545° F.), 


B. S Journal of Research, RP179 


FIGURE 23.—Cross sections of surface layer of nonblistering zron 
before and after enameling 


Carbon, 3.46 per cent; graphitic C, 2.85 per cent; combined C, 0.61 per cent; manga- 
nese, 0.52 per cent; phosphorus, 0.510 per cent; sulphur, 0.101 per cent; silicon, 2.22 
per cent; etched in 5 per cent picric acid. -A, Specimen before enameling. X 500; 
B, specimen enameled. XX 100. No blisters were noticed on this specimen. 


Ground coat fired 54% minutes at 900° C, (1,650° F.); cover coat fired 6 minutes at | 


840° C, (1,545° F.). 
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IX. STUDY OF CARBON IN THE MICROCHILLED SURFACE 


All of the tests described above serve to indicate, if not to prove, 
that the blister-forming gas is not SOQ., hydrogen from the decompo- 
sition of steam, or nitrogen from the decomposition of iron nitride. 
In all probability, it is CO, and CO. 

There is good evidence that the reactivity of different varieties of 
carbon and graphite varies very greatly with the ratio of surface to 
volume of the particles, and with the mode of formation of the par- 
ticles. Falcke (26), for example, experimented with the rate at 
which amorphous carbon purified in various ways and purified natural 
graphite from different sources, reduced iron oxide in the presence of 
iron. The initial temperature at which reduction started and the 
rate at which it progressed varied markedly with the different varieties 
of carbon and graphite. 

Moreover, the CO and CO, formed by the oxidation of any form 
of carbon will affect the rate of decomposition of cementite both by 
decarburization (27), which alters the amount of carbon, and hence 
its distribution between the graphitic and combined forms, and, 
according to Hayes (28), by a catalytic action. 

It has been noted in commercial enameling that adhesion of enamel, 
for which a certain degree of oxidation of the surface of the iron is 
thought to be desirable, varies according to the size of the load with 
respect to the size of the furnace. This may indicate that there is 
not always enough oxygen available in the furnace atmosphere effec- 
tively to oxidize a large surface of graphite particles. 

The weight of evidence strongly indicates that carbon in some one 
or more of the possible forms, ordinary graphite, submicroscopic 
oraphite, ‘‘temper carbon,” or combined carbon (cementite) plays a 
major réle in the formation of blisters, and the problem appears to 
resolve itself into a study of carbon in the vireanilad surface. 


1. ORDINARY GRAPHITE 


It is unlikely that massive graphite is responsible for blistering. 
It is true that finely divided graphite smeared on the surface of the 
iron as by writing on the iron with a pencil gives blisters, and that 
carbonaceous mold facings are probably to be avoided, though very 
light applications have been successfully used. 

One might assume that in severe sand-blasting, which is known to 
minimize blistering, the graphite flakes may be dug out and removed, 
and leave a practically graphite-free surface. Microscopic examina- 
tion, however, shows that graphite flakes may extend to the surface 
of the metal without causing blisters. (Fig. 19 (c).) On the other 
hand, graphite flakes may appear at the surface of a specimen which 
does blister. (Figs. 20 and 21.) Such flakes may cause local poor 
adherence of the enamel. However, poor adherence does not seem 
to be necessarily connected with blistering, which fact is illustrated 
in Figure 16. 

Moreover, as Figure 9 shows, a machined surface of the blistering 
iron L, does not blister, and it is certain that machining does not drag 
out and remove all the graphite flakes. Massive graphite in itself 
ean not be comsidered as invariably producing blisters. 
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2. SUBMICROSCOPIC GRAPHITE 


The assumption was made that aside from the regular graphite 
particles, visible under high and low magnification, there are particles 
beyond the resolution of the microscope. On account of their small 
size, these particles should be very active and should readily respond 
to the heat; that is, they may agglomerate to somewhat larger groups 
or may burn away, ‘depending upon the temperature used. 

A certain confirmation of these data is given in the following 
statement by Ropsy (17); ‘In fact, in the hardened part of a chilled 
casting (cooled, therefore, very rapidly and solidified almost without 
transformation) there remains up to 0.15 per cent of carbon in the 
form of graphite. To effect this determination with precision, at 
least 5 g of metal must be dissolved, the determination of graphite 
being carried out on the residue. The microscope, even with the 
highest magnification, does not show this graphite, probably because 
it 1s disseminated throughout the mass in the form of particles which 
are too minute.”’ 

If these particles are, in fact, disseminated ‘‘ throughout the mass,”’ 
it is obvious that they could cause the evolution of gas even after the 
removal of the surface layer of a casting and may be responsible for 
a large evolution of gas in the first period of firing. 

In fact it is probable that the comparatively rapid evolution of 
gas during the first 8 to 10 minutes of firing (fig. 18) is in all cases 
caused by the oxidation of these submicroscopic particles of graphite, 
which are presumed to be present in approximately equal concentra- 
tion (a) in the surface layer of the weakly blistering iron, (6) beneath 
the surface of the weakly blistering iron, and (c) in the surface layer 
of the strongly blistering iron, but in greater concentration beneath 
the surface of the strongly blistering iron. In all cases the oxidation 
of this type of carbon is probably completed in the 8 to 10 minute 
period, and is not responsible for any subsequent evolution of gas. 


3. COMBINED AND TEMPER CARBONS 


As pointed out in the introduction, chilled iron, with practically 
all of the carbon in the combined form, has been said by some to 
blister and by others not to blister. It was thought that the explana- 
tion of this difference of opinion might lie in the individual condi- 
tions surrounding each observation, which in some cases tend to pro- 
mote and in others to retard graphitization. These conditions are 
believed to include the degree of massiveness of the cementite for- 
mation, the presence or absence of elements which tend to stabilize 
cementite, superheating of the melt and other conditions. In order 
to throw some light on this question, the following experiments were 
carried out. 

Samples of a white iron (plow shares)* were subjected to the stand- 
ard enameling tests, and were found to blister badly over the whole 
range of firing temperatures. Specimens from which the surface 
had been deeply machined still blistered just as badly. 

On annealing this white iron at 950° C. (1,740° F.) for five hours 
and cooling in the furnace, the tendency to blister was much reduced, 
the specimen tested at the shorter firing periods of the “range” 
method being practically perfect. The surface was decarburized by 
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the long heating. However, specimens from which the decarburized 
surface had been removed b machining, so that the enamel was applied 
on a surface that was not decarburized, were equally as good as those 
enameled on the decarburized surface. Such long annealing was not 
required since heating to 900° C. (1,650° F.) for 45 minutes followed 
by furnace cooling, was also effective in greatly diminishing blistering. 

The annealing altered the structure decidedly by producing well 
agglomerated ‘“‘temper carbon,” that is, practically massive graphite. 
In the short heating of the enameling process, there was evident 
decomposition of cementite, but very little agglomeration. On the 
other hand, a specimen of malleable iron in which microscopic exami- 
nation showed most of the ‘‘temper”’ carbon to be well agglomerated 
did not blister (rating 1) when the firing time of the ground coat was 
7% or 10 minutes, but did blister badly (rating 4 to 5) at 12% and 15 
minutes. Well agelomerated temper carbon thus appears nearly as 
nonreactive as massive graphite. The distinction between agglomer- 
ated temper carbon of malleable iron and massive graphite of gray 
iron is, therefore, probably one of appearance rather than of chemical 
activity. 

The great activity of colloidally dispersed temper carbon, just as 
it forms and* before it agglomerates is in sharp distinction to the 
lower activity of the agglomerated material. 

In order to study a mild chilling effect on the weakly blistering 
castings, iron R, was cast in the usual three-sixteenths inch thick 
plates in a variety of sand molds as follows: (a) Skin dried; (6) moist- 
ure content, 6 to 7 per cent; (c) moisture content, 10 per cent. This 
heat was designated No. 65. 

The specimens were ehameled in the regular way save that the 
time of firing of the ground coat was 12; minutes instead of 8 as here- 
tofore, since the longer time of firing seemed to accentuate the ten- 
dency to blister. All specimens were graded No. 2 with respect to 
blistering. These results indicated that the variations in moisture 
content of molding sand used were not pronounced enough to cause 
chilling sufficient to affect the blistering tendency. 

Some interesting results were obtained when definite chilling of the 
surface was resorted to. Strongly blistering iron L, and weakly blis- 
tering iron, R;, were cast in blocks 3 by 6 by 2 inches in various ways, 
(a) in green sand, (0) against a chill plate covered by one-fourth inch 
of green sand, and (c) directly against a chill. Slices three-sixteenths 
inch thick were then cut from the blocks, the slice from the drag side 
being designated A and the next three-sixteenth-inch slice, B. The 
surfaces enameled were the drag face on A and on B the surface 
three-sixteenths inch from the drag side. The standard enamel with 
12%-minute firing of the ground coat was used. The results are 
given in Table 25. 


TaBLE 25.—EHnamel ratings of iron specimens with chilled surfaces 


Enamel ratings 


Specimen | Iron : Character of iron Green inet a Chill 
san ele plate 
A { Ee IP ScLODR LYE DLIStOnING tou. oo! eae Ae Be Se or a he 4-5 4-5 4-5 
lia hala aaa anim Chic VeDlISlOLings urele See See e ee aes Lee 1-2 4 2-3 
B { Ue is Stropoiniolistering’ | 0 ihre bees yes Se ee aia ee ee | 2 2 2 
tks Ca ae Pon Gate VaDMSLCLIN Ges emas ee ose wees de ee 2 2 4-5 


106307 °—30——5 
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Consider first the results in green sand. It will be noted that away 
from the surface, the body of the strongly blistering iron gives good 
enamel ratings. This is the equivalent of an ordinary strongly blis- 
tering test plate from which the microchilled surface has been 
machined. ‘The weakly blistering iron behaves the same at the sur- 
face and in the interior, which observation is consistent with Figure 9. 

When the surface was slightly chilled, by casting against one-fourth 
inch of green sand over a chill plate, the iron termed as ‘weakly ”’ 
blistering took on a casting surface that was as poor as that of the 
iron termed ‘‘strongly”’ blistering. Removal of the surface produced 
the same improvement in both. Under such casting conditions the 
irons were identical in behavior as to blistering. Jrons R, and L, did 
not appear very different in nature. 

When the surface was more strongly chilled by casting directly 
against a chill plate, the strongly blistering iron acted just as it did 
with less severe chilling. However, the weakly blistering iron had 
less blistering tendency on the strongly chilled surface than it had on 
the corresponding weakly chilled surface (slice A, Table 25). In the 
interior, however (three-sixteenth inch from the drag surface) the 
severely chilled weakly blistering iron behaved on enameling prac- 
tically the same as the drag side of the same when less severely chilled. 

The decomposition of cementite from combined carbon to temper 
carbon or graphite which occurs in a chilled or microchilled layer 
during enameling will doubtless depend on (a) the original content of 
combined carbon, (0) the composition of the iron as to elements that 
promote or hinder graphitization, and (c) the time and temperature 
of enameling. 

If all these conditions are such that there is no breakdown of com- 
bined carbon during enameling, it may be assumed that the iron does 
not blister. Under this assumption, either stable white iron, or stable 
gray iron would be “‘nonblistering.’”’ But, if the chilled layer con- 
tains combined carbon that does break down to colloidally dispersed 
temper carbon during a certain period of the enameling process, it 
will blister. If the enameling process is carried out at a high temper- 
ature and for along time (for example, 15 or 174 minute firing periods), 
the blistermg tendency will be accentuated anes because the com- 
bined carbon, although stabilized, may begin to break down under 
this treatment or because the eraphite may begin to oxidize under such 
conditions. If the same iron is enameled with a shorter firing period, 
or at a lower temperature, or by using more fusible enamels, the iron 
may not blister. 

Thus, the blistering for which combined carbon is responsible may 
be traced to the breakdown of combined carbon to temper carbon at 
a stage during enameling at which oxidation can occur and at which 
the enamel is in such physical condition as to retain the CO and CO; 
formed. If the breakdown at this stage is prevented, there will be 
no “‘nascent”’ temper carbon to cause blisters. It may be prevented 
by the nature of the chilled layer itself, or by removing the offending 
surface layer, or avoiding conditions that will produce this layer, or 
decarburizing the surface, or by accomplishing the breakdown before 
the enameling operation. 

To recapitulate, stable cementite is not necessarily readily oxidized 
to give the CO, or CO gases that appear to be responsible for blister- 
ing. Neither does massive graphite, whether formed as such during 
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solidification and cooling of gray iron, or as a product of decomposi- 
tion of cementite on annealing, appear responsible for blistering. It 
does appear, however, that an intermediate structure, resulting from 
the partial breakdown of cementite on annealing and partial 
agglomeration to graphite is the most active in producing blisters. 

The enameling process itself is a short anneal. ‘The decomposition 
of cementite will be accelerated by the presence of graphite in the 
original casting. Agglomeration of small, widely distributed particles 
of primary graphite into larger flakes is shown by Figure 19 (a), (0), 
(c), in maak the progressively increased agglomeration of graphite 
particles with increased firing periods is very plain. Even the body of 
a gray-iron casting is changed in structure and hardness by the 
heat-treatment incidental to enameling. 


4. CHANGE OF HARDNESS AND STRUCTURE ON ENAMELING 


Table 26 shows the decrease in hardness that takes place on 
enameling. Metallographic examination of a number of specimens 
showed that a considerable change in the structure of the iron occurred 
during the enameling process and this change often was not confined 
to the surface layer, but took place throughout the section of the 
specimens. A specimen which before enameling contained a lamellar 
pearlite matrix throughout its section (figs. 22 (A) and (B)), showed, 
after enameling, the large ferritic areas and dendritic structure 
similar to those represented in Figures 22 (C) and (D). The remainder 
of the pearlite was usually spheroidized or changed to sorbite. 

It was noted that some specimens of weakly blistering iron appeared 
to undergo no change detectable under the microscope during enamel- 
ing. Figure 23(8) at 100 shows a weakly blistering specimen, the 
surface of which when examined at 500 after enameling appeared 
to be unchanged from the pearlitic structure of the unenameled 
specimen shown in Figure 23(A). It was thought for a time that a 
lower blistering tendency might be associated with a smaller change 
in structure, but it was found later that this was not always true and 
that a marked change in structure often occurred in weakly blistering 
as well as in strongly blistering specimens. 

Much attention was paid to the ‘“‘habit”’ of the graphite (17); 
that is, whether it was in fine flakes, only slightly agglomerated, or 
almost entirely agglomerated in the ‘‘whirl’”’ form, but the observa- 
tions seemed to justify the conclusion that the habit of the graphite 
is not definitely associated with the blistering tendency. 


5. BURNING OUT 


The familiar ‘‘burning out”’ or normalizing in air so often resorted 
to by the enameler to prevent blistering may be considered as ac- 
complishing various things: (a) It removes some of the surface layer of 
metal by oxidation, (6) it tends to decarburize, and hence, soften 
the layer of metal immediately beneath the oxide coat; (c) 1t softens 
the metal as a whole. Hence, when a ‘‘burned-out”’ casting is sand- 
blasted, the loose oxide comes off readily, and the surface, now 
softer than before annealing, is more readily removed by sand- 
blasting. 
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TABLE 26.—Change in hardness of tron during enameling 


Carbon 


Iron Melts ee arr any aawe nl arn P 8 Si 
Total Graph-} Com- 
ite | bined 


| | | | | | | | 


Per cent Per cent|Per cent|\Per cent|Per cent|Per cent| Per cent 


iM GUPOlS eee eee oeee Le see ee 6 3.65 | 2.97 0. 68 0. 56 0. 46 0. 05 2. 16 
ABiiclee eee” CLOSER ATE Ue Pe kad aly 14 3, 47 3. 07 - 40 Prove . 46 . 076 2. 24 
Li | Cupola, melted 3 times___----_-_- 16 3. 47 2. 95 . 52 OD .47 . 095 1,92 
Li ace with 0.1 per cent S in the 22 3. 59 2. 99 . 60 . 56 rE aA 2, 22 
adle. 
Li) AEMGCLLIC TUTMACE see eee ae ae a Wi 3. 76 3.10 . 66 . 63 47 . 038 2.19 
Li tie with 0.1 per cent S in the 20 3. 81 3. 09 2 . 65 45 .10 2.13 
adle. 
Li | Electric with 0.13 per cent S 
CHATLEGwiLhILOl= sss eee 28 3. 67 3. 09 . 58 . 61 . 48 . 092 2. 21 
Rie Cupola fel BE C8 eee 7 3. 40 3.18 J 22 . 69 81 . 048 2. 82 


ki | Electric with 0.16 per cent Sk 
added to molten iron in the 


fiinace: see ES. Mi Peg sae 26 3. 58 3.09 . 49 aa 279 . 09 2. 93 
List| SE IOChIIGM 4 ac eee eae 44 3. 60 Salo . 45 oval . 49 . 043 2. 44 
Hardness before] Hardness after Decrease in 
enameling enameling hardness 
Iron Melts tae 
°. | Shore | Rock- | Shore | Rock- | Shore | Rock- 
sclero- | well B | sclero- | well B | sclero- | well B 
scope } scale | scope | scale | scope | scale 
Per cent| Per cent 
Lia eOupoly eee sb a shee epee, Ie. ee 6 47.4 96. 2 33. 9 79.8 28. 5 17.0 
a ese CO ee ee tee ar Oe OR giant tte 8h tee 14 48, 4 93. 2 35. 7 76.8 26. 2 17.6 
Li | Cupola, melted 3 times____.-_-.-.__-_--_- 16 50. 4 96. 8 35.1 81.3 30. 4 16. 0 
Ly | Cupola with 0.1 per cent Sin theladle____| 22 47.3 95. 6 36. 4 81.1 23. 0 ay a 
Py fT OleCtrig IMTHACO se aerate! oe une tee ee eee 17 43. 4 89. 4 33. 0 81.3 24.0 9.1 
Li | Electric with 0.1 per cent Sin theladle___| 20 46. 8 93. 8 32.9 80. 5 29.7 14.1 
Li | Electric with 0.13 per cent S charged with 
TODS sh oe Po ae ee eee ee eC 28 46 94. 6 33. 1 82.5 28. 0 11.1 
RY OUDOIA. seakiee Dee ert? Te See ese 7 46 94.6 40.9 89. 7 Wn al 6. 2 
Ri | Electric with 0.16 per cent S added to 
molten iron in the furnace____________-- 26 42.6 92. 2 35. 8 isd 15.9 16. 2 
M294] SELOCETIG I ERO seed hes 2) A DO 44 46.5 93.3 38. 5 VOo4 Lie2 19.0 


6. EFFECT OF ELEMENTS IN CAST IRON ON CHILLING TENDENCY 


The formation of the microchill appears to be a matter of delicate 
balance, as is evidenced by Table 9, where some heats of the ‘‘strongly 
blistering”’ northern iron are shown to be better than some heats of 
the ‘weakly blistering” iron. 

The question then arises, can the composition of the “‘blistering’”’ 
irons be so adjusted that the microchill will not form, or will not be 
too deep and too hard for complete removal by ordinary sand- 
blasting. In order to bring this about, it would be quite natural to 
add some element that would tend to foster eraphitization and 
prevent the retention of combined carbon. The addition of silicon, 
aluminum, or nickel (well-known graphitizing agents) as previously 
discussed, indicated that some improvement may be accomplished 
by such means, particularly in the case of silicon if added in the 
proper manner and proportion. The ‘‘microchill” appears to be 
more difficult to prevent than the ordinary chill, which can be readily 
controlled by properly adjusting the composition and the rate of 
cooling. However, it seems reasonable that all changes that tend 
to prevent the formation of the ordinary chill would also be steps in 


Ki cian | 
Harrison 


Blistering in Enameling of Cast Iron 803 
the right direction in the prevention of the ‘“microchill.”” We may, 
therefore, turn to a brief consideration of the effect of the various 
alloying elements on the chilling of cast iron; that is, the formation 
of combined carbon. 

Gray cast iron, such as is used for enameling, contains carbon, 
silicon, sulphur, manganese, and phosphorus besides small amounts 
of other elements. The properties of the iron are very greatly 
affected by the condition of the carbon, and this is controlled as 
much by the rate of cooling as by the composition. When the metal 
freezes, the carbon is in combination with iron, as the compound 
Fe;C (cementite). Manganese, chromium, or other carbide forming 
elements form similar carbides, and cementite will normally be 
contaminated with more or less of those carbides. If the metal is 
chilled very rapidly, the cementite is retained without decomposition, 
and white or chilled iron which is practically free from graphite will 
result. Cementite is brittle and hard and since white cast iron con- 
tains so much cementite it is extremely brittle and hard. 

If the metal is allowed to cool more slowly, during and after solidifi- 
cation, some of the cementite will decompose and form iron (ferrite) 
and free carbon (graphite or temper carbon). The resulting product, 

‘gray iron,” is much softer than white iron. 

The total amount of carbon in ordinary cast irons does not vary 
very much, but the relative amounts of free carbon and of combined 
carbon (cementite) do vary greatly, not only with the rate of cooling, 
but also with the other elements present. 


(a) SILICON 


At a given rate of cooling, a higher silicon content is favorable 
toward a higher graphite and a lower combined carbon content. 
The silicon content is the chief factor controlling the ratio of graphite 
and combined carbon and the chief agent in securing soft gray iron 
instead of hard white iron. 


(b) PHOSPHORUS 


Phosphorus is alleged (21) to foster graphitization and thus tend 
to inake soft iron. But iron phosphide itself is hard and brittle-so 
that a high phosphorus iron tends to be hard, notwithstanding the 
increased precipitation of graphite. The iron phosphide has a low 
melting point, and the fusibility of the iron is much increased by 
increase in phosphorus. Since the melting point is lower the pouring 
temperature can be lower, and hence the rate of cooling will be 
altered. The action of phosphorus is, therefore, complex. 


(c) SULPHUR AND MANGANESE 


Sulphur tends to oppose the precipitation of graphite, especially 
when present as iron sulphide. If sufficient manganese is present, 
the sulphur will be combined as manganese sulphide, which is more 
inert in its effect on precipitation of graphite. The ratio of manganese 
to sulphur therefore, governs the effect of the sulphur up to the point 
(often taken as 7: 1) where manganese is in decided excess of the 
amount necessary to force practically all the sulphur into manganese 
sulphide. Up to this point, then, manganese is in a way a softener 
because of its effect on sulphur. 
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Shaw (19) denies that manganese aids the retention of carbon as 
cementite and ascribes the increased Brinell hardness to the effect of 
manganese in altering the microstructure, the matrix tending to be 
sorbitic and the graphite in “whirl” form. Parker (22), however, 
insists that manganese does increase the stability of the carbide. 
The effect of increased sulphur in slowing down the rate of graphiti- 
zation of white cast iron, and the counteracting effect due to manga- 
nese additions is br ought out by Hayes and Flanders (23) and others 
(24). 

Cupola remelting would be expected (Table 1) to lower the silicon 
and manganese somewhat and to raise the sulphur, with consequent 
decrease in the ratio of manganese to sulphur. This change is 
accompanied by an increase of combined carbon which causes a 
hardening of the iron. Cupola remelting would thus be expected to 
act in a detrimental manner rather than a beneficial one on blistering. 
No satisfactory evidence has been obtained in support of the idea 
that remelting was beneficial. 

Manganese in excess of the amount required to combine with sul- 
phur, however, is usually considered a hardener, which forms a stable, 
manganese-bearine cementite and increases the depth of chill. 
Guedras (25) says that in black-heart malleable castings the forma- 
tion of a finely dispersed type of temper carbon rather than of large 
graphite particles is favored by the stabilizing action of manganese 
upon cementite. 

The graphite precipitated from cementite as the casting cools 
presumably appears first as very finely divided, even submicroscopic, 
“temper carbon,’’ which is chemically and structurally the same as 
massive graphite, but very much more finely divided, hence, much 
more reactive. 


X. SUMMARY 


The data obtained in this investigation support the explanation of 
blistering which is summarized in the following paragraphs, and 
which is the only one known to the authors that fits the facts so far 
observed. 

Ls ‘There is ample evidence that physical defects, especially ‘‘spongi- 
ness,’’ will give rise to blisters. Moreover, an enamel may be com- 
posed, prepared, or applied in such a manner as to cause blisters 
irrespective of the character of the iron used. There are, however, 
differences in the tendencies of sound castings, made from different 
lots of iron or made from the same iron under different conditions, to 
give blisters when enameled under identical conditions. The gases 
forming the blisters are CO and CQ). 

2. A gray iron casting of the composition normally used for enam- 
eling acquires in freezing and cooling in the mold a very thin surface 
skin, which may be considered as a “‘microchill.” This layer extends 
only a few thousandths of an inch below the surface and varies in 
thickness, hardness, and resistance to abrasion by the sand blast. 
Removal of this surface layer eliminates blistering except such as is 
caused by sponginess or other physical defects which extend more 
deeply into the interior. The analyses of the surface layers indicate 
that the hardness and resistance to abrasion may be due either to the 
higher combined carbon or to some other hard component, 
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3. The cementite (combined carbon) of this skin tends to break 
down, during the enameling process, to very finely divided “temper 
carbon.” This form of finely divided carbon is more readily oxidized, 
as would be expected from its fineness, than massive graphite or com- 
bined carbon. 

4. This breakdown to a readily oxidizable form of carbon, analagous 
to the early stages of the malleableizing of white iron, leads to the 
formation and evolution of CO and CO:, upon heating, which causes 
ereater or less damage, according to the stage of the enameling process 
at which it occurs. If the enamel coat is sufficiently fused to form the 
gas into bubbles, but not fluid enough to heal after any bubbles of gas 
have escaped, blisters will occur. If the craters partially heal, there 
will be dimples. If the enamel is a low melting one, applied at a 
low temperature, the annealing action coincident with enameling may 
not be sufficient to produce a breakdown of the cementite accompanied 
by the formation of the finely dispersed temper carbon, or, if it is 
produced and CO and CO, are formed, the enamel may be fluid enough 
to allow the gas to escape without damage. 

5. There are probably two kinds of nonblistering iron, one in which 
a small amount of combined carbon is present in the surface layer, and 
the other in which cementite is so stable that it takes a relatively 
long time to break it down into ferrite and temper carbon. 

6. Decarburization of the skin, as well as its removal by mechanical 
or chemical means, will eliminate the source of temper carbon. Hence, 
blister-free ware can be obtained with a sound casting if the enameling 
process itself is properly carried out, unless the whole casting is of such 
a nature that the body as well as the skin will give temper carbon on 
enameling. Some irons have a greater tendency to give the micro- 
chilled layer than others. The gas evolution which apparently takes 
place during the first part of the firing treatment, even from those 
specimens having the least blistering tendency of any studied, has 
been assumed to be due mainly to submicroscopic graphite, which 
burns out too quickly to cause blisters. 

7. Aside from such variations as may be attributed to differences 
in enameling procedure at the different plants, the presence of a hard 
surface layer or ‘‘microchill” probably accounts for most of the 
inconsistencies observed in the early part of the investigation, as well 
as those between the results of various laboratories. Unless sand- 
blasting was uniformly controlled and the surface layer uniformly 
attacked, it is obvious that erratic results would be obtained on 
enameling. 

8. Attempts to nullify the hardening effect of sulphur by addition 
of manganese do not appear to offer much hope, since excess manga- 
nese is in itself harmful. Addition of some graphitizing agents, such 
as silicon, or any precaution in casting that will tend to minimize 
the tendency to chill, may be beneficial, but it is much more difficult 
to prevent the formation of the microchill than the formation of the 
well understood ordinary or macrochill. 

9. In cases when an occasional heat or lot of sound castings show a 
tendency to blister, ‘‘burning out,” or deep sand-blasting, appears to 
be the most practical remedy, 
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